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Abstract 
The aim of this thesis is to determine if the geometric uncertainties that are 
introduced into the image guided radiotherapy (IGRT) process by Cone Beam CT 
(CBCT) based IGRT equipment are sufficiently small that they do not pose a significant 
risk of geometrical error in treatment delivery.  This was performed by quantifying and 
investigating the geometric uncertainties introduced by; (1) calibration of the image 
geometry, (2) correction of patient position performed by automatic treatment couch 
systems and (3) automatic image registration of the localisation image with a reference 
image.  In addition, the feasibility of providing user feedback on the likelihood of 
accurate image registration was investigated.  A method was developed using 
supervised machine learning based on the shape of the image registration algorithm's 
similarity metric surface. 
The geometric uncertainties introduced by image calibration and couch positioning 
were both shown to be less than 1 mm and therefore do not contribute significantly to 
the overall uncertainties in the IGRT process.  Image registration performance for image 
guidance based on the bony anatomy of the skull was shown to be reproducible, accurate 
and robust with errors typically less than 1 mm.  Moreover, image registration 
performance did not deteriorate significantly as imaging dose was reduced.  For image 
guidance based on the soft tissues of the prostate, image registration performance was 
satisfactory for some CBCT images resulting in errors less than 2 mm.  However, with 
the majority of CBCT images, image registration was highly irreproducible with high 
frequencies of failure.  The user feedback of image registration quality was able to 
correctly classify 84% of image registrations into categories of good, acceptable and 
unacceptable.  No unacceptable classifications were classed as good. 
CBCT based IGRT equipment does not introduce significant risks into the IGRT 
process however, appropriate quality assurance measures should be implemented to 
safeguard against equipment failure and drift since previous system calibration.  
Automatic image registration of the soft-tissues of the prostate cannot be relied upon for 
clinical use and therefore it should be used in conjunction with manual methods. 
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CBCT Cone Beam Computed Tomography 
clipbox A user definable rectangular region of interest used to restrict the 
region of CT data used in image registration in the Synergy XVI 
software. 
CT Computed Tomography 
CTV Clinical target volume (as defined by ICRU 50 and ICRU 62) 
DICOM Digital Imaging and Communication in Medicine. A standard for 
communicating and storing medical images and their associated 
data 
DO Distinctiveness of optimum 
dof Degrees of freedom. 
DRR Digitally Reconstructed Radiograph 
Elekta Chamfer Image registration algorithm of the Synergy XVI software used for 
matching of bone anatomy. 
Elekta Correlation 
Ratio 
Image registration algorithm of the Synergy XVI software used for 
matching bone and/or soft-tissue anatomy. 
ESF Edge spread function 
FBCT Fan beam computed tomography 
flexmap Lookup table to correct for flex (misalignment of tube and imager) 
in a CBCT system 
Fraction A fraction of the total delivery of radiation treatment given in a 
single session. Typically fractions are delivered in doses of two 
Gray on week days over a course of four to seven weeks. 
  
21 
GTV Gross tumour volume (as defined by ICRU 50 and ICRU 62) 
IR Image Registration 
Hexapod™ evo The name given to the six dof automatic (robotic) couch 
positioning system manufactured by Elekta AB. 
IGRT Image Guided RadioTherapy 
Isocentre The point in space relative to the treatment machine about which 
various components of the linac rotate. The gantry rotation defines 
a horizontal axis which intersects a vertical axis defined by the 
rotation of the treatment couch. The treatment collimators also 
rotate about an axis pointing through the isocentre. 
ITK Insight Toolkit (software toolkit for image registration and 
segmentation). 
kV Kilovoltage (X-ray) 
LA1 Local name for Synergy system at SJIO 
LA2 Local name for Synergy system at SJIO 
Linac Linear accelerator or radiotherapy treatment machine 
Localisation scan The scan acquired during image guided radiotherapy to localise the 
position of the tumour relative to the position in the references 
scan. 
lp/cm Line pairs per centimetre 
MLC Multi-leaf collimator 
MRD Mean residual distance. The mean distance between corresponding 
points in 3D space having accounted for a known transformation 
between the two sets of points. 
MRI Magnetic Resonance Imaging 
MTF Modulation Transfer Function 
MTF50 Line pairs per mm at which the MTF drops to 50% 
MV Megavoltage (X-ray) 
NaïveBayes Algorithm of the WEKA software for performing unsupervised 
machine learning using a simple Bayesian approach. 
OBI On-Board Imager. The name given to the Varian IGRT system 
(Varian Medical Systems, Inc.  Palo Alto, CA, USA) 
Offline correction Offline correction is the term given when the patient position is 
corrected on one or more fractions having been determined from 
imaging on a previous fraction or series of fractions. 
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Online correction Online correction is the term given when a correction of patient 
position is performed based on imaging immediately prior to 
treatment. 
PET Positron Emission Tomography 
PSF Point spread function 
PTV Planning target volume (as defined by ICRU 50 and ICRU 62). Is 
the volume that ensures the clinical target volume (CTV) is 
covered by the treatment dose (normally 95%).  
QA Quality Assurance 
QUASAR™ 
Penta-Guide 
Phantom designed to check geometric calibration of a CBCT 
system. (Modus Medical Devices Inc, London, ON, Canada ) 
R Rotation 
RANDO A sectional anthropomorphic phantom (Alderson, Radiology 
Support Device, Inc., Long Beach, CA, USA) 
Reference scan The scan on which a treatment plan is prepared and used as a 
reference when performing IGRT  
Rigid body 
transform 
A transformation of the image data that leads to both a translation 
and rotation in 3-dimensional space. 
RON Risk of non-convergence. 
RT Radiotherapy (Radiation Therapy) 
SAD Source to Axis Distance 
SID Source to Imager Distance 
SJIO St James's Institute for Oncology 
SM Similarity Metric 
SMO Algorithm of the WEKA software for performing unsupervised 
machine learning using support vector machines 
SSD Source to surface distance 
Structure Series of contours which delineate the target and organs at risk and 
which form the basis for planning the patient's treatment. 
Synergy® The CBCT based IGRT system manufactured by Elekta AB 
(Stockholm Sweden) 
Syntegra Image registration software module within the Pinnacle treatment 
planning system, (Philips Healthcare, Best, Netherlands) 
T Translation 
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TR Translation and Rotation 
TRE Target registration error. The error between two corresponding 
points having performed an image registration. 
TRE50 The target registration error as defined in chapter 4 based on the 
mean distance between points on the surface of a sphere of radius 
50mm. 
VHMP Virtually Human Male Pelvis Phantom 
WEKA Waikato Environment for Knowledge Analysis  software (The 
University of Waikato, Hamilton, New Zealand) 
XIO Treatment planning system (Elekta AB, Stockholm Sweden) 
XVI Xray volumetric imaging (Elekta's term given to both CBCT and 
the name of there CBCT acquisition and review application) 
XVI Xray Volumetric Imaging. The name of the image acquisition and 
image guidance software of the Synergy system. 
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Chapter 1  
Introduction 
1.1 Brief Introduction to Image Guided Radiotherapy 
Radiotherapy (or radiation therapy) is the term given to the medical use of ionising 
radiation in the treatment of cancer.  Image guided radiotherapy (IGRT) is the use of 
images acquired of the patient, in the treatment position, either immediately before, or 
during the radiotherapy treatment delivery, to affect or guide the patients treatment so 
that the radiation is delivered to the correct location.  This thesis aims to test the 
hypothesis that the geometric uncertainties in the IGRT process, introduced by the IGRT 
equipment, are sufficiently small that they do not pose a risk of significant geometrical 
error in treatment delivery. 
There are several different imaging modalities that are used for IGRT but none 
more popular than kilovoltage cone beam computed tomography (CBCT).  An X-ray 
tube and imager was first integrated into a standard radiotherapy treatment machine in 
1999 and the subsequent acquisition of CBCT images was demonstrated [1].  Since then 
there has been a rapid expansion in both the number of systems installed by the major 
linear accelerator manufacturers and research using these systems.  In 2001 the first of 
four prototype CBCT systems was installed in the Christie Hospital (Manchester, UK) 
by Elekta AB (Stockholm, Sweden).  The author was responsible for commissioning 
this system for clinical use and led much of the technical investigations into the systems 
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performance and its clinical implementation [2-4].  In 2004, the first commercial (non-
research) CBCT system in the UK was installed at Cookridge Hospital in Leeds (UK), 
by Elekta, and again the author was responsible for the commissioning of this system 
and led the introduction of this system into the clinic.  In 2008 the radiotherapy centre at 
Cookridge hospital moved to the new St James's Institute of Oncology (SJIO) built on 
the St James's Hospital (Leeds, UK) site.  At this point the number of Elekta Synergy® 
systems (Figure 1) was increased to four. 
With the introduction of any new medical technology there is a corresponding gap 
in knowledge on the performance limitations, application and benefits of the technology 
that requires research and development.  In the case of CBCT this research can be 
categorised as follows: 
• System performance and methods of testing performance 
• Enhancement of system performance e.g. improvements to image quality 
and geometrical accuracy and reduction of imaging dose. 
• Development of new techniques associated with the equipment e.g. 4D-
CBCT, adaptive radiotherapy. 
• Clinical observations using IGRT equipment e.g. measurement of patient 
set-up errors, changes to patient anatomy, position size and shape of target 
volumes and neighbouring organs. 
• Application of the equipment to new clinical sites. 
• Effect of the change in practice on patient set-up and anatomical changes 
e.g. new immobilisation devices and the use of laxatives and enemas to 
control rectum fill state. 
• Strategies for incorporating observed anatomical changes into the treatment 
plan. 
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• Strategies for correcting patient positional errors and anatomical changes 
either online, at the time of treatment or offline, by correcting subsequent 
fractions. 
This thesis concentrates on the first of these categories.  In particular it addresses 
the development of suitable methods for testing system performance and using these 
methods to quantify the geometric uncertainties that are introduced by the equipment 
into the IGRT process.  The overall aim is to understand these errors and to ensure they 
do not pose a significant risk to the patient as a result of using the IGRT equipment.  
The investigations focus on the geometric uncertainties relating to the use of the CBCT 
based Synergy® system (Elekta AB, Stockholm Sweden) but some of the methodology 
can be generalised to other similar IGRT systems. 
 
 
Figure 1. One of the Elekta Synergy® systems at St James's Institute for Oncology. 
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1.2 Motivation 
The integration of a CBCT system onto the gantry of a standard Linear Accelerator 
(linac) allows the gantry rotation of the linac to be used for CBCT image acquisition.  It 
also ensures that the CBCT system is approximately aligned to the treatment beam.  
However, imperfections in mechanical alignment and flex of the system introduce small 
deviations in geometric alignment between kV imaging and MV treatment sub-systems.  
Over the first few years of using the Elekta Synergy® system a quality assurance (QA) 
program was implemented to ensure the geometric accuracy of the imaging system 
alignment to the treatment machine's isocentre.  It is essential that these QA 
measurements can be performed efficiently and not add excessively, to the time allotted 
to perform daily, weekly and monthly quality assurance tasks.  These issues are 
addressed Chapter 3. 
In terms of mechanical performance these systems also need to be able to 
accurately re-position the patient when required.  The Elekta Synergy® system can 
correct for lateral, vertical and longitudinal translations both automatically and remotely 
so that there is no need to enter the treatment room.  The add-on HexaPod™ evo RT 
system and associated iGuide infra-red tracking system (Elekta AB, Stockholm, 
Sweden) enables corrections of patient position with six degrees of freedom (dof) i.e. 
the lateral, vertical and longitudinal translations plus rotations about the same axes.  The 
inclusion of rotations makes the task of measuring the accuracy of couch positioning 
considerably more complex.  Two of the linacs at SJIO are equipped with the 
Hexapod/iGuide system and the need to commission these systems for clinical use 
motivated the research described in Chapter 5. 
The third element that affects geometric accuracy in image guided radiotherapy is 
the process of extracting measurements of patient set-up from the CBCT images.  This 
is normally achieved by comparing the CBCT (localisation) image with the reference 
fan beam CT (FBCT) image and associated anatomical structures (delineated target 
volume and organs at risk) created during treatment planning.  This process can be 
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performed manually or with the aid of automatic image registration algorithms.  
Automatic image registration algorithms work extremely well for some clinical sites 
with what appears to be a high level of accuracy and low risk of failure e.g. image 
registration of the skull.  In other cases, such as for soft tissue image registration of the 
prostate, the algorithm may be less accurate with a high risk of registration failure.  
However, the performance of these algorithms in the clinical work place, have not been 
objectively measured and the methods of doing so are not well established.  The 
performance of registration algorithms available in the Elekta Synergy® system are 
investigated in Chapters 6 and 7. 
The use of kilovoltage X-rays to perform repeat imaging during treatment has its 
limitations.  While the imaging dose for a single exposure is significantly less than the 
treatment dose, repeat imaging on many fractions of a patient's treatment could lead to 
the accumulation of dose that may not be justifiable unless there are improvements to 
the geometrical accuracy of the treatment.  There is therefore a need to minimise the 
imaging dose in order to reduce the risk of harm to an acceptable level [5,6].  However, 
reducing the imaging dose will lead to images with increased stochastic noise.  This 
reduced image quality could, potentially, decrease the performance of automatic image 
registration algorithms and also impair the ability of an operator to register the images 
manually or to check the result of an automatic image registration.  The amount by 
which the dose is reduced needs to be optimised in the context of its effect on image 
registration accuracy.  Furthermore the requirement to justify and optimise imaging dose 
is enshrined in UK legislative law [7].  The effect of reducing imaging dose on image 
registration performance is addressed in both Chapters 6 and 7. 
Due to the safety critical nature of radiotherapy and the lack of image registration 
algorithms which are 100% reliable every automatic image registration should be 
checked by a trained radiographer (radiation technologist).  In the case of online patient 
correction strategies this takes precious time while the patient is in the treatment 
position before the treatment begins.  This time delay increases the chance of the patient 
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or the target within the patient moving before treatment as well as reducing the number 
of patients that can be treated in a working day.  The requirement to perform or evaluate 
image registrations takes time and this increases the cost of performing IGRT 
treatments.  It also imposes the requirement that radiographers are trained in performing 
image registration and evaluating image registration.  This training requirement along 
with the associated increased costs of specialist radiographers further increases the cost 
burden to the provision of IGRT treatments.  If automatic image registration algorithms 
could be trusted then this would help reduce the cost of IGRT treatments.  In chapter 8, 
the feasibility of automatically assessing the quality of an image registration is 
investigated.   
In summary, confidence in the performance of IGRT equipment is crucial to the 
safe deployment of these systems.  A geometric error introduced by the IGRT system 
would, if unchecked, lead to failure to deliver the treatment dose to the intended target.  
The consequences will depend on the type of treatment and the magnitude of error.  For 
instance, treatments such as hypo-fractionated radiotherapy of the lung, alternatively 
known as stereotactic body radiotherapy [8-10] are delivered in three to eight fractions 
with margins of less than 5 mm to account for all modes of geometric error.  When 
treatments are delivered in only a few fractions, any error in one fraction has a greater 
impact on the integral treatment dose.  Even small geometric errors can affect the dose 
to the target leaving some parts of the tumour with insufficient dose to ensure all 
cancerous cells are killed.  Critical structures like the bronchial airways and pericardium 
are often close to the high dose volume.  Geometric errors can lead to increased dose to 
these structures increasing the risk of treatment related complications. 
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1.3 Hypothesis and research questions 
The principal hypothesis of this thesis is to determine if:  
"The geometric uncertainties in the IGRT process, introduced by 
the IGRT equipment, are sufficiently small that they do not pose 
a risk of significant geometrical error in treatment delivery" 
Here we define the geometric uncertainties as those arising from the use of the 
IGRT equipment and not the errors due to motion and deformation of the target volume 
that is tracked by the process of IGRT but cannot be corrected by simple translations 
(and rotations) of the patient. 
In addition the following research questions are addressed:  
• Can the methods of measuring geometric stability of a CBCT based IGRT 
system using a commercially available phantom be improved and 
automated to: (a) improve accuracy to ensure alignment between CBCT 
image and MV treatment beam is within 1mm and (b) improve efficiency 
of measurement by integration of tests on one phantom? (Chapter 3) 
• What is the relationship between image registration performance and 
image quality and is there an optimum exposure setting which minimises 
the radiation dose of imaging while maintaining adequate performance of 
image registration for the image guidance task? (Chapters 6 & 7) 
• Is it feasible to provide user feedback on the quality of the image 
registration in order to provide confidence to the user that an image 
registration is of acceptable quality for clinical use? (Chapter 8)  
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1.4 Overview 
This chapter has outlined the subject area of geometric uncertainties in image 
guided radiotherapy and presented the motivating factors that led to this research.  The 
thesis hypothesis and additional research questions are also defined.  In chapter 2, the 
full background to this thesis is presented including a critical review of related work and 
the justification for the investigations.  Material that supports the techniques used is also 
introduced.  The main body of this thesis which describes the original work is described 
in Chapters 3 to 8 and is organised as described below.   
• Chapter 3 - Quantification of misalignments in cone beam CT based 
IGRT equipment 
o Investigation of quality assurance measurements that impact on the 
geometrical alignment between the imaging system and the MV 
treatment delivery system.   
o A novel method to measure alignment between the kV and MV 
isocentres using the QUASAR™ Penta-Guide phantom (Modus 
Medical Devices Inc, London, ON, Canada) is detailed and 
compared with an alternative method.  This is a unique contribution 
of this work.  
o A novel method of using CBCT images of the QUASAR™ Penta-
Guide to measure a quality assurance indicator of image blur due to 
geometric misalignment is developed.  This is a unique contribution 
of this work. 
• Chapter 4 - Target Registration Error 
o A new metric of target registration relating to image guided 
radiotherapy is introduced.  This is a unique contribution of this 
work. 
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• Chapter 5 - Measurement of automatic patient support movement 
accuracy 
o A new method of checking the accuracy of relative automatic couch 
movements with six dof which can be used in commissioning a 
system.  This is a unique contribution of this work. 
• Chapter 6 - Measurement of automatic image registration 
uncertainties for intra-cranial tumours: skull phantom and patient 
FBCT and CBCT images 
o Novel methods to measure the geometric uncertainties of automatic 
image registration algorithms on a commercial IGRT system are 
developed.  This is a unique contribution of this work. 
o The methods are applied to evaluate the performance of the image 
registration algorithms with images of an anthropomorphic head 
phantom and patient head images. 
o The effect of image quality and in particular reduced image dose on 
image registration uncertainties is investigated using the 
anthropomorphic phantom. 
• Chapter 7 - Measurement of automatic image registration 
uncertainties for prostate tumours: pelvis phantom and patient FBCT 
and CBCT images 
o The registration uncertainties for grey level matching of the prostate 
using a masked region of interest are measured with an 
anthropomorphic phantom to determine the effect of reduced image 
dose. 
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o Image registration performance for alignment of the prostate is also 
evaluated with patient images of the pelvic region.   
• Chapter 8 - Image registration quality likelihood metrics based on cost 
function surface shape 
o The shape of the cost function in the rigid body, six dof, transform 
parameter space is explored in the neighbourhood of the transform 
returned by image registration. 
o Quality indices derived from the cost function are calculated and 
used to classify grades of image registration performance.  This is a 
unique contribution of this work.  
o The feasibility of classification of image registration quality by 
calculating registration quality indices with just 25 extra samples of 
the cost function is demonstrated.  This is a unique contribution of 
this work.  
Finally, in chapter 9 the main conclusions of this thesis are presented along with a 
discussion on whether the research aims and hypothesis of this thesis were achieved.  
The impact and novel contributions of this work are highlighted.  Suggestions for 
further work are also given.  In appendix A, the mathematical framework behind the 
calculation of transform errors is provided along with experimental results of the 
validation of these algorithms and their implementation.  Metrics, used to characterise 
the shape of the image registration similarity metric function are described in appendix 
B. 
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Chapter 2  
Background 
This chapter is organised in six sections as follows: (1) a general background to 
radiotherapy and the role of imaging in radiotherapy to introduce readers who may not 
be familiar with general concepts of radiotherapy and its practice followed by an 
introduction to image guided radiotherapy, (2) background information relating to 
geometric uncertainties in radiotherapy and in cone beam CT systems used for IGRT, 
(3) a review of quality assurance checks used to quantify the geometric uncertainties in 
IGRT systems, (4) a review of methods to evaluate the performance of automatic image 
registration algorithms with particular emphasis to studies performed on commercial 
image registration algorithms, (5) an introduction to some of the methods and analysis 
techniques used in the thesis and (6) a conclusion.  Particular emphasis is given to the 
current understanding of the limitations of the equipment and the requirement to manage 
the clinical risks arising from its use. 
2.1 Introduction to image guided radiotherapy (IGRT) 
2.1.1 Introduction to radiotherapy 
Radiotherapy is the delivery of high dose radiation therapy to treat cancer.  For 
some cancers it is the primary mode of treatment but for others it may be combined with 
surgery, chemotherapy and other treatment modalities.  Delaney et al. estimate that 52% 
of cancer patients should receive radiotherapy as part of their treatment [11] and that 
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radiotherapy contributes to that cure in 40% of cases either alone or in combination with 
other treatments such as surgery [12,13].  Crudely speaking, radiotherapy works by 
killing malignant or cancerous cells.  It is able to do this without causing serious injury 
or side effects to patients for two principal reasons.  Firstly, radiotherapy is normally 
delivered in a series of doses (fractions) spaced by at least six hours and typically once 
per day over a period of 3-7 weeks.  This allows normal tissue to recover at a 
preferential rate to the tumour.  Secondly, the radiation is delivered such that the 
radiation dose is concentrated on the target i.e. the tumour. 
The design of radiotherapy treatments is based on balancing risk based on clinical 
experience.  If the prescribed radiation dose is increased the likelihood of local disease 
control is likely to improve but at the expense of increased side effects due to the 
treatment [14].  Conversely, if the dose is reduced side effects may become more 
acceptable but the probability of local disease control is reduced.  Many recent technical 
developments in radiotherapy have been concerned with improving this therapeutic 
window by lowering the radiation dose to the normal tissues.  This has enabled the dose 
to the tumour to be increased without increasing the side effects. 
Over the last 30 years there have been a number of technology advances that have 
enabled cure rates to be increased and the occurrence of side effects to be decreased.  In 
chronological order these are; CT scanning which has led to 3D treatment planning [15], 
the multi-leaf collimator [16,17] which enabled radiation beams to be more easily 
shaped to the beams eye view of the target volume and led to the development of 
intensity modulated radiotherapy [18] and intensity modulated arc therapy [19,20] 
which allow further conformation of the dose to the target as well as better control over 
the dose delivered within the target. 
  
36 
2.1.2 The role of imaging in radiotherapy 
In parallel with these technology developments new imaging modalities and 
techniques which are critical to the accurate delivery of radiation therapy have been 
introduced.  There have been significant advances in the use of imaging for target 
delineation.  It is essential that the target volume is delineated accurately [21,22].  
Computed tomography (CT) has been and will continue to be the principal modality for 
planning a patient's treatment as it contains essential electron density data which is 
necessary for accurate calculation of radiation transport in the treatment planning 
process [23].  The recent introduction of 4D-CT has improved the accuracy of target 
volume definition in tissues affected by respiratory motion e.g. lung, liver, lower 
oesophagus and pancreas [24-27].  Magnetic resonance imaging (MRI) and positron 
emission tomography (PET) are playing an increasing role in the anatomical and 
functional definition of the tumour size and shape [28-30]. 
There have also been significant developments in the technology available to 
verify the patient is in the correct position at the time of treatment.  When combined 
with schemes for correcting patient position, this is given the term image guided 
radiotherapy (IGRT).  IGRT is introduced in greater depth in section (2.1.3).   
The ability to measure changes in organ position and shape can be used to develop 
statistical models which when incorporated into the treatment planning process, through 
the addition of a margin for error (see section 2.2.1), allow systematic and random errors 
to be taken into account [22,31,32].  
Finally, follow-up imaging during and after treatment delivery can be used to 
measure the tumour response to radiotherapy [33,34].  Understanding tumour response 
can be used to determine prognostic factors [35] and for modelling radiation response 
[36]. 
  
37 
2.1.3 Image guided radiotherapy 
At the point of treatment delivery, imaging can be used to measure and verify 
patient position.  When these images are also used to correct patient position prior to, 
and potentially during, treatment the process is given the term image guided 
radiotherapy [37,38].  The rationale for IGRT is discussed in depth by Dawson et al. 
[39].  Before the year 2000, the mainstay of imaging at the point of treatment delivery 
was portal imaging.  The quality of these images was poor due to the use of 
megavoltage energy with low contrast and low detector quantum efficiency.  They are 
also projection images making the interpretation of three dimensional translations and 
rotations difficult.  The lack of contrast restricts their use to verifying the position of 
bone-tissue and tissue-air interfaces.  Often this means the soft tissue target position is 
not directly verified and suitable bone or air surrogates are required.  The use of 
implanted gold markers can be used as surrogates of tumour position in anatomical sites 
that lend themselves to gold marker implantation [40], such as the prostate. 
In 1999 Jaffray et al. fixed a kilovoltage X-ray tube and image intensifier to the 
gantry of a standard radiotherapy linac [1].  This enabled the acquisition of kilovoltage 
projection images and also the reconstruction by filtered back-projection [41] of 
projection images acquired during a single (or half) revolution of the gantry around the 
patient.  The cone beam CT (CBCT) images produced with this technology looked 
similar to a 3D fan beam CT image (FBCT).  Although the image quality was not as 
good as FBCT it was far superior to portal imaging [3].  The image could be acquired 
with the patient in the treatment position, immediately prior to treatment.  The 
visualisation of soft tissue structures in 3D made verification and correction of the target 
position for tumours such as those of the prostate, bladder and cervix possible. 
The European Society of Therapeutic Radiology and Oncology-European Institute 
of Radiotherapy recently produced a report on 3D CT-based in-room image guidance 
systems [42].  This gives a good introduction and overview of IGRT, its rationale and 
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the implementation of 3D CT-based in-room based IGRT.  kV-CBCT is the most 
common implementation of 3D CT-based in-room.  Others include MV-FBCT [43], 
MV-CBCT [44] and in-room FBCT [45].  The basic principle of 3D CT-based in-room 
IGRT is to acquire an image of the patient immediately before treatment while the 
patient is in the treatment position.  The CBCT image, sometimes referred to as a 
localisation scan, is then compared with the FBCT, that was used to plan the patient's 
treatment and given the term reference scan, through a process of manual or automatic 
image registration.  This informs the radiation technologist or radiographer whether the 
patient is in the correct position for treatment.  There are various on-line and off-line 
strategies for correcting patient position depending on the magnitude and complexity of 
the misalignment.  The most basic is to correct a small translation difference using the 
automatic (robotic) movements of the treatment couch.  This correction can be 
performed on-line i.e. before the treatment beam is activated [46,47].  Or, it can be 
performed off-line whereby the images are analysed at a later date with the aim of 
eliminating systematic differences between the treatment plan and the measured 
treatment position [48-50].  More complex changes in patient position occur due to 
rotation [51] and deformation of the patient organs.  The first of these may be 
correctable using a robotic couch with six dof allowing small rotation errors as well as 
translations to be corrected [52].  Alternatively the gantry angle, treatment couch and 
collimator angle can all be altered to account for rotational errors [53].  For organ 
deformation, interventions may be required e.g. to reduce rectal or bladder volumes.  
Adaptive IGRT strategies have also been considered in order to cope with changing 
target volumes which require alteration to the dose plan [54]. 
2.1.4 IGRT research topics 
Currently, IGRT is a very active and dynamic research field, mainly because IGRT 
equipment has only recently become widely available.  In 2008 a multi-disciplinary 
group of UK IGRT experts which included clinical oncologists, physicists and 
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radiographers met to put forward a roadmap for IGRT research in the UK.  In their 
report [55], they highlighted the following research areas;  
• "Early implementation of IGRT in the UK with central audit of 
protocols, outcomes, cost etc and development of standards, 
recommendations and a minimum data set within the record and 
verify system within the new National Radiotherapy Data Set 
(NRDS)." 
• "Training and Teaching and work force planning including 
developing a radiographer advanced practitioner educational 
programme for IGRT." 
• "Research programmes into the developments of optimising IGRT 
methodology." 
• "Research into how best to assess the health economic value of 
IGRT." 
• "Clinical evaluation defining whether and what randomised 
controlled trials are required." 
• "Development and Implementation of more advanced IGRT." 
This thesis explores the optimisation of IGRT methodology, particular that relating 
to understanding and quantifying the geometric uncertainties in the process arising from 
the performance of the IGRT equipment. 
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2.2 Geometric uncertainties in image guided radiotherapy 
In this section an introduction to geometric uncertainties (2.2.1) and risks (2.2.2) 
in radiotherapy is given.  This is followed by a background to system design (2.2.3) and 
methods of calibrating (2.2.4) CBCT imaging systems.  This is provided to aid 
understanding of the potential geometric uncertainties that are inherent to these systems. 
2.2.1 Introduction to geometric uncertainties in radiotherapy 
It is important to understand all geometric uncertainties in the radiotherapy 
treatment process so that they can be incorporated into the treatment plan.  ICRU 62 
[15] describes the gross tumour volume (GTV) as "the gross palpable or 
visible/demonstrable extent and location of malignant growth" and the clinical target 
volume (CTV) as "the extension of the GTV to contain sub-clinical microscopic 
malignant disease".  The CTV is then expanded to a planning target volume (PTV) to 
account for the net effect of all the possible geometrical variations and inaccuracies in 
order to ensure that the prescribed dose is actually absorbed in the CTV.  The report on 
geometric uncertainties in radiotherapy from the British Institute of Radiology [21] 
describes in detail what these uncertainties are and how they should be used to construct 
the CTV-PTV margin.  Normally, the biggest component of the geometric uncertainty is 
due to variation of the CTV position at the time of treatment relative to the position of 
the CTV in the CT planning scan.  It is the aim of IGRT to reduce the magnitude of this 
component.  Other geometric uncertainty factors to include when constructing the 
treatment margin are the calculation accuracy of the treatment planning algorithm, the 
accuracy of beam delivery and the delineation error of the CTV which may also include 
the error in transferring information from an MR or PET scan on to the CT scan used for 
planning through the process of image registration. 
The systematic components of geometric uncertainties contribute a greater 
proportion to the CTV-PTV margins than the random uncertainties.  van Herk et al. 
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showed that in many cases e.g. prostate radiotherapy, for geometric uncertainties 
distributed normally, the margin, M, can be calculated according to Equation 1 where Σ 
is the combined systematic error and σ is the combined random error.   
σΣ ⋅+⋅= 7.05.2M  Equation 1 
The use of image guided radiotherapy has potential to eliminate patient set-up 
error.  However it is important to consider what uncertainties are introduced into the 
process by IGRT.  The geometric uncertainties arising from IGRT can be factored into 
three distinct components of the process: (1) the geometrical aspects of image 
acquisition and reconstruction, (2) image registration and (3) correction of the patient 
position.  This classification of the components of geometric uncertainties follows 
closely with the themes of the main work chapters with chapters 4, 6, 7 and 8 covering 
aspects of image registration uncertainties and the other two components relating to 
chapters 3 and 5 respectively. 
It should be noted that factors affecting image quality such as the exposure 
parameters which dictate imaging dose may also influence the geometric uncertainties in 
the process.  For instance, reducing image exposure, and consequently imaging dose, 
will affect the definition of objects in the image with the potential to limit the accuracy 
to which image registration can be performed.  This relationship is investigated in both 
chapters 6 and 7. 
2.2.2 Managing risk in radiotherapy 
2.2.3 Sources of geometric accuracy in CBCT imaging systems 
In an ideal cone beam system the X-ray tube, with associated collimator assembly 
and the amorphous silicon flat panel imager, would rotate around the isocentre of the 
machine each describing a perfectly circular orbit with no significant variation in the 
positional alignment between tube and imager.  The alignment would need to be 
constant during the rotation of the linac gantry and also constant over time.  In reality, 
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neither is true and the system requires calibration to correct for the misalignment and a 
quality assurance scheme to ensure the system is checked regularly and that the 
calibration remains current. 
It is worth discussing the effects of such misalignments before describing the 
calibration process and reviewing methods of checking the system as part of a quality 
assurance system. 
Using the IEC 1217 [56] coordinate system for the linac, the z axis is vertical, the 
y axis is parallel to the rotation axis and is often referred to as longitudinal and x known 
as lateral is a horizontal line perpendicular to both y and z.  In an ideal system the 
coordinates of the X-ray tubes focal spot coordinates at each gantry angle can be derived 
from the cylindrical coordinate system (SAD, α) where α is the gantry angle and SAD is 
the source to (rotational) axis distance which, for the commercial CBCT based IGRT 
systems is nominally 1000mm (Figure 2a).  Likewise, the position of the flat panel 
imager can be specified by (SID-SAD, α+pi) where SID is the source to imager distance.  
The imager should also remain perpendicular to the X-ray beam axis for all gantry 
angles. 
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Figure 2. Illustration of cone CT beam system geometry and possible misalignments (a) 
Diagrammatic representation of a cone beam CT system and (b-e) modes of 
geometric misalignment which are: (b), magnification affected by SAD, SID, 
w; (c) misalignment between tube and panel affected by u & v; (d) rotation 
of panel about axis perpendicular to panel affected by θ and (e) rotation 
about axis parallel to panel affected by φ & ψ. 
 
In a commercial system imperfect construction and assembly may lead to 
misalignments.  Some of these may be constant with gantry angle and others may vary 
with gantry angle, principally due to gravitational effects.  The principal modes of 
misalignment and their effect on image reconstruction are as follows: 
• Gantry angle (α): This is used as the basis for determining the nominal 
position of the focal spot and imager.  A systematic error in the calibration 
of the gantry angle will lead to a reconstructed image which is rotated 
about the rotation axis of the system.   
• Source to axis distance (SAD): The reconstruction algorithm will need to 
know this in order to determine the focal spot position for a given gantry 
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angle.  If incorrect the 2D projection image will be incorrectly scaled for 
back-projection (Figure 2b).  A systematic error will lead to a blurred and 
incorrectly scaled reconstructed image.  The blurring will increase with 
radial distance from the rotation axis. 
• Source to imager distance (SID): This is needed to determine the imager 
position for a given angle.  As with SAD a systematic error of SID will 
lead to an incorrectly scaled 2D projection image (Figure 2b).  The 
reconstructed image will be blurred and incorrectly scaled.  The blurring 
will increase with radial distance from the rotation axis. 
• Lateral misalignment of the imager (Figure 2c): A systematic error in a 
direction tangential to the circular orbit will lead to a uniform blurring of 
the image in the reconstructed volume in a plane perpendicular to the 
rotational axis (trans-axial).  If a partial scan is being performed then a 
small misalignment in the trans-axial plane may also occur.  A systematic 
longitudinal error, i.e. parallel to the rotation axis, will lead to a mis-
registration of the reconstructed volume with the treatment machine 
isocentre in a direction parallel to the rotation axis.  Theoretically the 
image also becomes blurred but this is insignificant for small longitudinal 
misalignments. 
• Panel rotation (Yaw, θ): A systematic rotation of the panel about the 
Source to Imager axis will lead to a rotated 2D-projection image (Figure 
2d) and blurring of the reconstruction image with increasing radial distance 
from the kV systems rotation centre. 
• Panel rotation (Pitch & Roll, φ & ψ): A systematic rotation of the panel in 
an axis perpendicular to the source to imager axis (pitch or roll using the 
aeronautic terminology) will lead to an affine warp of the 2D-projection 
image (Figure 2e) and a consequent blurring of the reconstructed image 
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with increased radial distance.  This blurring will be much less than the 
blurring due to yaw rotation for the same rotation angle.   
The two leading commercial systems on the UK market are the Synergy® system 
(Elekta AB, Stockholm, Sweden) and Trilogy (Varian Medical Systems, Inc.  Palo Alto, 
CA, USA).  Note Synergy and Trilogy are the names given to the complete systems 
including linac and imaging sub-systems. For the Synergy system, the CBCT scan is 
known as Xray Volumetric Image (XVI) and the software used to acquire and 
reconstruct the CBCT scan, perform image registration and reposition the couch is 
known as XVI. On the Trilogy system the kV imaging sub-system is often referred to as 
the On Board Imager (OBI) in the literature and for this reason, hereon it will be referred 
to as the OBI system.  The mechanical design, of these two systems, differs markedly 
although the geometry is similar [2,57-60].  The Synergy® system requires a manual 
deployment of the kV tube into a locked position and a motorised deployment of the 
panel into its nominal position for imaging.  The tube and imager arms flex due to 
gravitational effects which has greatest effect on the variation of tube to panel alignment 
with nominal gantry angle but also causes small variations of effective gantry angle, 
SID, SAD, yaw, pitch and roll.  The effect of the tube panel alignment is corrected using 
a flexmap [61] .  The flexmap, described in more detail in section 2.2.4, is a look up 
table used by the reconstruction algorithm to correct the coordinates of the image before 
back-projection.  The Varian OBI system has robotic arms which drive the tube and 
imager into their imaging position [62].  It is likely that a look up table similar to that of 
the Synergy® system's flexmap is used to enable the robotic arms to correct for 
gravitational effects and ensure the tube and panel alignment is maintained for all gantry 
angles.  However, such details on the OBI system have not been described in the 
literature and are not in the public domain. 
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2.2.4 Calibrating image geometry in CBCT imaging systems 
Methods for calibrating the full geometry of a cone beam CT have been devised by 
Cho et al. and Gayou and Miften [63,64].  Cho et al. uses a cylindrical phantom with 
two circles of 12 equi-spaced ball bearings at either end of the cylinder.  These cylinders 
should appear as identically shaped ellipses in a projection image where the panel is 
perpendicular to the X-ray beam axis.  Displacements and rotations of the panel will 
cause changes to the position, orientation size, aspect ratio and asymmetric deformation 
of the ellipse.  In all, the phantom is able to measure displacements of the focal spot, 
panel position and orientation, gantry angle and magnification.  Unfortunately results of 
this method applied to the Synergy® system have not been published and so it is 
difficult to establish the impact that a complete geometric calibration might have on 
image quality.  The calibration phantom devised by Gayou and Miften is also based on 
cylindrical geometry however they position 108 ball bearings in a helical arrangement 
on the surface of a 140mm diameter cylinder.  For each projection image they determine 
whether the projection matrix is valid by assessing the mean geometric error in ball 
bearing positions and found that images for all 200 gantry angles measured passed.  
However, they do not give the criteria for passing a projection image.  Mao et al. [65] 
also use a helical arrangement of ball bearings but on the surface of a cube phantom. 
They extract a similar set of parameters to that of Cho et al.[63]. 
The mechanical flex in the tube and panel arms have only a small effect on the 
SAD, SID or the pitch and roll of the detector.  These minor variations, as the gantry 
rotates, do not significantly affect image quality or geometrical accuracy.  Correction of 
only the panel lateral and longitudinal alignment has proved to be sufficient [10,57,61].  
This is achieved by performing a flexmap [61] whereby a ball bearing is placed at the 
systems isocentre and 2D projection images acquired from all gantry angles.  The pixel 
location of the centre of the ball bearing is located on each image by means of image 
processing.  This forms a lookup table used to correct the coordinates of subsequent 
projection images during the reconstruction process.  Sharpe et al. [61] have shown that 
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the system flex is inherently stable.  They measured flexmaps 21 times over a 3 month 
period and showed that when the positional uncertainty of placing the ball bearing at the 
isocentre is taking into account the maximum deviation from the mean flexmap was less 
than 0.2mm. 
It should be noted that in addition to correcting for the variation of alignment in 
the tube and imager during gantry rotation, the flexmap also defines the reconstruction 
centre of the image.  This is based on the position of the ball bearing at the machine 
isocentre.  The Elekta calibration protocol follows the method of Sharpe et al. [61] and 
Bissonnette et al. [9] whereby the ball bearing is positioned at the radiation isocentre 
following a procedure similar to that of a Winston Lutz test [66].  The radiation 
isocentre can be determined from the geometric field centre measured at the four 
cardinal gantry angles using the mega-voltage portal imager [61]. 
Panel rotation about the source to imager axis can also have an effect on image 
quality as demonstrated by Amer et al. [67].  They showed that a systematic rotation of 
the panel of 0.6° can cause significant blurring of the image.  However, such rotations 
can be eliminated prior to clinical use.   
2.3 Quality assurance/commissioning measurements for CBCT based 
IGRT equipment 
Since the introduction of cone beam CT based IGRT, recommendations on 
appropriate quality assurance schemes and associated quality controls have begun to 
emerge however the advice remains relatively superficial. The American Association of 
Physics in Medicine, AAPM report 142 [8] states that the coincidence of the kV image 
to the MV beam should be measured on a daily basis and should be ≤ 2mm for non-
stereotactic IGRT and ≤ 1mm for stereotactic IGRT but does not recommend how this 
should be measured.  It also recommends that patient positioning/repositioning should 
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be performed daily and geometric distortion should be measured monthly both with the 
same tolerance levels as the kV-MV coincidence. 
The American College of Radiology recommend an end to end test which involves 
repositioning a phantom with high contrast objects using the IGRT system and verifying 
the position using either megavoltage imaging or an alternative imaging system [68].  
This should be performed weekly for non-stereotactic treatments and daily for 
stereotactic treatments.  No tolerances are given for this test. 
Implementing an appropriate quality assurance system of checks to ensure 
adequate performance of an item of equipment requires an understanding of the 
equipment's performance.  Repeat measurements of performance indicators over time 
will identify systematic errors, the magnitude of the error variation, frequency of outliers 
in either performance or measurement, identification of step changes and drift over time.  
For a new piece of equipment it is often necessary to perform measurements at a high 
frequency until a comprehensive understanding of the equipment's performance has 
been achieved.  Only then is it possible to optimise the frequency of checks and set 
suitable tolerances above which corrective action is required.  The frequency of the 
checks should take into account the risk of equipment failure i.e. the consequences or 
clinical impact as well as the likelihood.  The tolerance needs to be appropriate to the 
clinical requirements but if set too tight may require frequent remedial action. 
A review of the published literature leads to four distinct categories of quality 
control tests which encapsulate system dependent geometrical aspects of IGRT quality 
assurance.  These are, in order of importance, verification of 1) the imaging systems 
alignment with the MV treatment beam, 2) the systems ability to correct any 
misalignment e.g. automatic couch movement, 3) geometric scaling and distortion in the 
image, and 4) measurement of image resolution or sharpness.  The four categories of 
test are reviewed in sections 2.3.1 to 2.3.4.  A fifth category is introduced in section 
(2.3.5) whereby the geometric and dosimetric accuracy of the treatment beam dose 
delivered to a phantom is tested.   
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2.3.1 Measurement of kV-MV alignment in CBCT systems 
As Bisonnette et al. [9] points out, there are two distinct methods of checking the 
alignment of the kV image with the MV isocentre.  The MV isocentre is the point at 
which the centre of the MV radiation field intersects the axis of rotation of the linac.  It 
is the common focus point of all possible angles of the radiation beam.  The two distinct 
methods are the indirect methods [59,65,69,70] and the direct methods [60,61].  The 
indirect methods all rely on aligning the centre of a phantom containing a high contrast 
object, such as a central ball bearing, to the room lasers.  The room lasers are line lasers 
that define cardinal vertical and horizontal planes and point to the machine isocentre.  
The distance between the centre of the ball bearing and the image centre is a measure of 
the misalignment of the kV image to the lasers.  The lasers are typically set to the 
mechanical isocentre of the system and therefore this method is an in-direct 
measurement of the image alignment to the machines isocentre.  It is worth noting here 
that there are three definitions of the isocentre [61].  These are the mechanical isocentre, 
the radiation isocentre and the isocentre defined by the lasers which is typically set to 
the mechanical isocentre but which will be subject to misalignment either through the 
accuracy/precision of the original set-up or by temporal changes.   
Yoo et al. [59] present measurements of kV-MV alignment measured on OBI 
systems in multiple centres over an extended period of time.  Their measurements were 
performed with a cuboid phantom containing a ball bearing at its centre.  They acquired 
2D kV projection images along anterior-posterior and lateral directions and measured 
the distance of the ball bearing to the image centre using a software graticule tool.  They 
found the stability of the system to be high with a 0.3 to 0.4mm standard deviation of 
kV-MV alignment over the one year of monitoring.  They also found that all institutions 
noticed a systematic misalignment of 0.6 to 0.8mm.  Details of the calibration procedure 
for the OBI unit could not be found in the published literature however, the systematic 
difference may be due to differences in the procedure for calibration of the lasers to the 
MV isocentre and the calibration of the kV system.  Their tests showed some false-
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positives due to misalignment of the phantom to the lasers and error in calibration of the 
lasers to the MV isocentre however, they also found some true-positives for which the 
system required re-calibration.  Marguet and Bodez also used a cuboid phantom with a 
ball bearing at its centre and measured the distance of the ball bearing to the image 
centre of 2D kV projection images acquired with the OBI system [69].  Their findings 
were similar to Yoo et al. with the majority of misalignments within ±1mm and some 
outliers of up to 2.5mm attributed to laser inaccuracy and phantom positioning.  This 
demonstrates that indirect methods that rely on the room laser are subject to larger 
measurement error.  This, in part, motivates the work of Chapter 3.  Saw et al. use a 
specific calibration device designed to calibrate an OBI system with an optical tracking 
device [70].  They measured the kV-MV alignment directly by performing a 2D-2D 
match with orthogonal pairs of kV projection images and digitally reconstructed 
radiographs of a ball bearing.  They found all kV-MV alignments were within 1mm. 
On the Synergy® system, Lehmann et al. positioned a ball bearing at the MV 
radiation isocentre to a precision of <=0.25mm using software available in the 
Synergy® system [60].  This is the first step in the procedure for performing a flexmap 
calibration outlined in section 2.2.4 [61].  They then took kV radiographs at four 
cardinal angles and measured the offset between the centre of the ball bearing and the 
image centre and found the average deviation in agreement between the MV and kV 
beam isocenters in all directions was less than 0.42 pixel (~0.11 mm), with a maximum 
of three pixels (~0.78 mm).  This indicates that the geometrical alignment of a 
reconstructed CBCT scan would also have sub-pixel accuracy.  The variation with 
gantry angle might indicate image blurring that should be detectable if reconstructed 
with cubic voxels of 0.5mm but may not be obvious if reconstructed with 1 mm cube 
voxels. 
Sharpe et al. [61] designed a cuboid phantom made of polystyrene foam containing 
nine acrylic spheres.  The central sphere was 25mm diameter while the other eight were 
positioned at the corners of a cube and were of variable size in order to create a unique 
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orientation.  They assessed the kV-MV isocentre alignment on 21 occasions over a three 
month period by first driving the couch to approximately align the central sphere with 
the MV isocentre using the CBCT image for guidance.  They then measured the position 
of the sphere in the CBCT image relative to the centre and the position of the sphere 
relative to the MV radiation isocentre using a sequence of 8 MV portal images.  The 
eight images were performed at the four cardinal gantry angles 0, 90, 180 and 270 with 
two images acquired at each gantry angle using opposing collimator angles (See chapter 
3).  The use of opposing head angles allows the effect of mis-calibrated MLC/jaw 
positions to be eliminated.  They found kV-MV isocentre misalignments in the L/R, 
A/P, and S/I directions to be 0.1±0.1 mm, 0.0±0.2 mm, and 0.0±0.2 mm, respectively. 
Bisonnette et al., introduced the QUASAR™ Penta-Guide phantom which was 
specifically designed for both 2D and 3D kV-MV alignment and positioning tests in 
their review of IGRT geometric QA [9].  However, no results using this phantom have 
been published until the work based on chapter 3 was published in 2008 [71].  To use 
the phantom to check kV-MV isocentre alignment, the manufacturer recommends 
manual alignment of two MV portal images acquired with anterior-posterior and lateral 
views is required.  This introduces uncertainties in the process due to the subjective 
nature of the manual alignment.  The use of just two views is a further limitation of this 
method with the phantom as mis-calibrations of the MLC/jaw positions will not be 
eliminated.   
In this section methods of quantifying the alignment of kV imaging systems with 
the MV isocentre were reviewed.  Overall, the alignment errors presented were typically 
less than 1mm but with some larger errors greater than 2mm.  The literature contained a 
mixture of indirect and direct methods with indirect methods tending to be performed on 
the Varian OBI system.  The in-direct methods relied on accurate calibration of the 
room lasers and alignment of the phantom to the lasers which contributed to some of the 
larger random errors.  Methods presented on the Varian system all measured the 
alignment of the kV projection image instead of the CBCT image.  The cube with a 
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hollow sphere used by Sharpe et al. [61] was deemed to be the most accurate method of 
measuring alignment but the QUASAR™ Penta-Guide phantom, which was the 
commercial development of the cube phantom of Sharpe et al., relied on manual 
matching of MV images with digitally reconstructed radiographs (DRR) from only two 
orthogonal projection angles and did not eliminate MLC calibration errors.  It therefore 
lacked the accuracy and precision of the original method presented by Sharpe et al. 
However, the commercial availability of this phantom, with its design, which 
incorporates features to test phantom re-positioning (Sec.  2.3.2) and radiation light 
field, make this phantom attractive for clinical implementation in a quality assurance 
scheme.  These are motivating factors for the work of chapter 3 in which methods are 
developed to measure CBCT-MV isocentre alignment more accurately and precisely 
using the QUASAR™ Penta-Guide phantom. 
2.3.2 Accuracy and precision of automatic couch positioning in IGRT 
systems 
The ability of the system to correct a misalignment of the patient/phantom is a 
critical performance requirement of an IGRT system.  Typically, radiotherapy treatment 
couches of an IGRT system can be operated automatically and remotely.  This enables 
the translation coordinates determined from image registration of the reference (FBCT) 
and localisation (CBCT) scans to be transferred to the couch drive system so that the 
couch can be driven to the new position.  The remote operation allows the process to be 
performed without the operator entering the treatment room thereby saving time.  Some 
radiotherapy couches such as the HexaPod™ evo RT system (Elekta AB, Stockholm, 
Sweden) have six dof allowing for corrections of small rotations, typically up to 3° as 
well as translational corrections.  It is important to understand and quantify the 
geometric accuracy of automatic couch positioning in the context of the overall IGRT 
process.  Once measured these geometric uncertainties need to be factored into the 
calculation of treatment margins. 
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On the Varian OBI system, Yoo et al. measured the disagreement after using a 2D-
2D match to drive a cube phantom with central ball bearing to the isocentre [59].  They 
found average disagreements were 1.1±0.5 mm, 0.8±0.5 mm, and −0.2±0.5 mm in the 
vertical, longitudinal, and lateral directions.  Lehmann et al. used an Alderson RANDO 
head phantom (Alderson, Radiology Support Device, Inc., Long Beach, CA, USA) with 
12 radio-opaque markers [60].  The average agreement of the markers after the couch 
was driven 20 mm, in order to shift the phantom, was 0.1 mm (SD: 0.21 mm), –0.12 
mm (SD: 0.55 mm), and 0.22 mm (SD: 0.21 mm) in the x, y and z coordinates 
respectively.  The largest deviation was 0.6 mm.  On the Elekta Synergy® system, 
Sharpe et al. found the average and standard deviation of the error in each direction to 
be 0.1±0.5 mm, 0.0±0.6 mm, 0.1±0.6 mm in the lateral, anterior-posterior and superior-
inferior directions respectively using their cuboid phantom with acrylic spheres [61].  
Langen et al. used a phantom with three embedded gold markers and performed 
repeated image guidance using an MVCT system [72].  The standard deviations of the 
table positions were found to be 0.3 mm, 0.7 mm, and 0.2 mm in the lateral, superior-
inferior, and anterior-posterior directions, respectively.   
Verification of patient/phantom positioning is relatively straight forward if only 
the translations are considered.  When the couch is also able to correct for rotations the 
verification becomes more difficult.  Currently, there are at least three commercial 
systems available which are able to correct with six dof by performing rotation as well 
as translation corrections.  These are the HexaPod™ evo RT system (Elekta) [73], the 
Protura™ 6DOF robotic couch (Civco) and the ExacTrac® Robotic Tilt Module (RTM) 
(BrainLab).  All appear to work on a hexapod arrangement of actuators and provide +/-
3° of rotation about each of the lateral, longitudinal and vertical axis.  HexaPod™ evo is 
the name given to the physical couch and drive mechanics.  In addition the HexaPod™ 
evo RT system uses an external infrared tracking system to guide the position of the 
couch and associated software called iGuide®.  Meyer et al. published a comprehensive 
evaluation of the performance of the HexaPod™ evo RT system in conjunction with the 
Synergy® system for CBCT based image guidance [74].  In this study Meyer et al. first 
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established the reproducibility of imaging with the CBCT system using the RANDO 
head phantom.  They then systematically tested translations and rotations by first 
performing CBCT based image guidance in conjunction with the Hexapod couch to get 
the phantom aligned with a reference image.  The translations and rotations were 
entered into the iGuide® software to drive the couch to a new position before 
performing a repeat CBCT.  The position of the couch was verified by performing an 
image registration of the CBCT image with the reference and comparing the measured 
transform parameters with those applied.  Translations and rotations were applied 
individually and then combined to determine if the residual errors increased with 
complexity of movement.  Translations and rotations were also tested for small 
increments and large increments.  Their results were presented by collating all 
individual x, y and z translations and then calculating the mean, standard deviation, 
maximum absolute error and mean absolute error on the collated data.  Similarly, the x, 
y and z rotations were collated before calculating the same statistics.  In this way the six 
parameters of the rigid transform were reduced to two.  However, this assumed the 
parameters were independent and may therefore have underestimated the magnitude of 
the errors.  They found mean errors were negligible ( < 0.1mm, < 0.1°) and the standard 
deviations were between 0.1mm and 0.4mm for rotations and 0.3° and 0.4° for rotations.  
Maximum absolute errors were up to 0.9mm and 1°.  If anything accuracy improved 
when translations and rotations were combined though given the number of 
measurements and the variation in values between experiments this was not likely to 
have been significant. The residual errors were reduced when the 'Elekta Correlation 
Ratio' algorithm was used for image registration instead of the 'Elekta Chamfer' 
algorithm.  (These algorithms are described in section 2.4.2.) Averaging over all 
experiments the standard deviation dropped by a factor of approximately 2 for both 
translations and rotations. 
Takakura et al. studied the accuracy of the six dof ExacTrac RTM system using 
the ExacTrac stereoscopic X-ray system for image guidance and a skull phantom [75].  
They found all couch positioning errors to be within 0.3mm and 0.3°.   
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In summary, the random error component of couch positioning measurement 
errors reported by all groups had a typical standard deviation of the order of 0.5mm.  
Most groups reported the relative couch movements and were therefore measuring the 
precision of the system movements.  The addition of rotational movement did not seem 
to increase the magnitude of translation errors.  The performance evaluation of the 
Hexapod system, by Meyer et al. [74], is comprehensive, however, the technique relies 
on the difference of two measurements of phantom position performed using image 
registration.  The image registration error contributes to the error of couch position 
error.  If the image registration error could be disassociated from the couch positioning 
error the true couch positioning error could be smaller than that reported by Meyer et al. 
Secondly, more efficient measurement methods would be required to check couch 
movement performance after major services and software upgrades.  Finally, validation 
of the results of Meyer et al. using an independent method is beneficial to the scientific 
community. 
2.3.3 Measurement of image scaling and distortion 
Measurement of the source to imager and source to axis distance is only reported 
in articles related to the OBI system.  The design of the robotic arms makes these 
parameters a concern for quality assurance.  On the Synergy® system the SAD and SID 
is fixed by the design of the support arms for both the kV tube and imager.  Yoo et al. 
notes that accurate measurement of these distances by radiographic means is difficult 
and resort to using a tape measure [59].  Marguet and Bodez also make a physical 
measurement and report the kVS positional error (SAD) as -0.1+/-1.2mm and the kVD 
position (SID-SAD) as -0.3+/-0.6mm [69].   
The results of incorrect SID and SAD would be incorrect image scaling and loss of 
image sharpness.  A simple test to check correct scaling is to image a phantom with 
objects of known dimensions.  The Catphan® (The phantom Laboratory, Salem, NY, 
USA) has four rods arranged in a square with sides of 50mm.  Marguet and Bodez found 
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for the OBI system that the spacing of the four rods in this module of the phantom, were 
49.9mm and 49.6mm +/-0.1mm for full and half fan modes [69].   
If the spacing of the four rods in images of the Catphan® were found to be 
different from each other then this would indicate there was some image distortion.  
However, CBCT systems have a large field of view up to 50cm in diameter and 25 cm 
length.  The 50mm spacing of the rods in the Catphan®, measured in a single transaxial 
plane, is insufficient to determine if there is distortion towards the periphery of the 
phantom.  It should be noted that with the medium field of view of the Synergy® 
system, there is a lack of an opposing projection in the region outside the central ≈12 cm 
diameter cylinder.  This could lead to deformation of objects in this region compared to 
those within the central cylinder. 
None of the articles concerned with the quality assurance of CBCT systems make 
measurements of image distortion in a phantom designed to cover the wide field of view 
and design of these systems.  There are a number of reasons why this might be so;  
• image guidance tends to be performed on objects near to the isocentre and 
therefore distortion of objects to the periphery is of less concern. 
• a dedicated phantom would need to be quite large and would not easily be 
integrated into existing test procedures i.e. a dedicated scan would be 
required. 
• any geometrical errors that lead to distortion would also lead to blurring of 
edges and detail in the image.  This is likely to be detectable on patient 
images. 
Since geometric errors which lead to image scaling and/or distortion are either 
picked up with tests such as the Catphan® or are less critical than the kV-MV isocentre 
alignment, they are not the subject of investigation within this thesis. 
  
57 
2.3.4 Measurement of image resolution/sharpness 
Image resolution of a CBCT system is dependent on several factors: the focal spot 
size, the geometry of the system and hence how much scatter is received by the detector, 
the voxel size and the miss-alignment of the imager with respect to the tube.  On 
diagnostic CT scanners it is recommended that measurement of image resolution are 
performed on a six month [76] or one year frequency [77] in order to detect changes in 
the focal spot as system geometry is not going to change and voxel size is specified by 
the user. 
In the literature, Yoo et al., Marguet and Bodez and Lehmann et al. all used the 
Catphan® and obtained results between 6.2 line pairs per centimetre (lp/cm) and 9.4 
lp/cm for the half fan and full fan modes of the OBI system and 8 lp/cm for the 
Synergy® system [59,60,69].  It should be noted that these figures should not be 
compared because the tests object is sensitive to reconstruction voxel size and these 
measurements are all performed with different voxel sizes.  In order to detect the effects 
of tube-imager misalignment on image resolution, using the line pair resolution test 
pattern in the Catphan®, the reconstruction voxel size should be made as small as 
possible.  Yoo et al. discussed the frequency of image quality tests in general and 
recommends the test should be performed at least semi-annually but that many users 
may wish to perform the tests more regularly.  Image quality parameters that depend on 
radiation output from the tube and performance of the detector are likely to deteriorate 
slowly with time or fail catastrophically.  Image sharpness due to tube panel alignment 
is less well understood for CBCT systems and for this reason Medical Physicists may 
wish to perform image sharpness measurements more frequently.  Any method that 
could facilitate a measurement of image sharpness into a regular quality assurance 
programme would be of benefit.  This is the motivating factor behind investigating the 
feasibility of extracting image sharpness measurement from scans of the Penta-Guide® 
phantom in Chapter 3. 
  
58 
2.3.5 Combined geometric and dosimetric accuracy measurements 
The tests described in sections 2.3.1 to 2.3.4 are concerned with measuring 
individual factors that affect geometric accuracy.  Letourneau et al. proposed that the 
aim of IGRT is to deliver a specific dose to a target within acceptable geometric and 
dosimetric accuracy [78].  They developed a dedicated phantom to perform an integral 
test of image guidance and dose delivery for treatment of spinal metastases [79].  They 
have also developed a more general phantom for simultaneously assessing image guided 
dose delivery and image quality [78].  They inserted an array of diodes into a cylindrical 
test object that can be inserted into the Catphan® in place of the uniformity test object.  
The diodes are visible in the CBCT image and can be used to guide the position of the 
phantom.  The system was able to detect mis-calibration of MLC leaves and phantom 
placement errors of 0.5mm. 
2.4 Automated image registration performance evaluation and 
associated geometric uncertainties 
In this section an introduction to automated image registration is given (2.4.1) with 
brief details of the two algorithms relevant to this thesis (2.4.2).  Several relevant 
methods of evaluating automatic image registration performance are discussed (2.4.3) 
and their application to the evaluation and quality assurance of commercial image 
registration solutions is reviewed (2.4.4).  Next, the relationship between image quality 
and image registration performance is discussed (2.4.5) before finally reviewing 
methods of providing feedback to the user of the likelihood of successful registration 
(2.4.6). 
2.4.1 Introduction to automated image registration 
Image registration is the process of establishing the correspondence between the 
physical coordinates of one image and those of another.  Or more simply, it is the 
process which aligns the voxels in one image with those of another [80].  Image 
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registration is widely used throughout radiotherapy [81].  Currently it is used in the 
treatment plan preparation stage [82-84], verification of patient position using MV 
portal images [85-87] and image guided radiotherapy [57,88].  It is also critical to the 
development of novel techniques such as adaptive treatment planning [46,89-92] and in 
the monitoring of treatment response and its relationship to the dose delivered [93,94] . 
The process can be categorised into two distinct types depending on whether they 
use a rigid body transformation or a deformable transform.  In the case of standard 
image guided radiotherapy where the patient position is corrected using the treatment 
couch the transform type is almost exclusively rigid body.  More advanced forms of 
image guided radiotherapy, often described as adaptive radiotherapy, where the 
treatment plan (and hence dose distribution) is modified during treatment to account for 
anatomical changes, require deformable image registration [95].  In a relatively recent 
publication, Sharpe and Brock give a good summary of the current uses of image 
registration in radiotherapy [96].   
Rigid body image registration can be, and in clinical situations often is, performed 
manually to ensure an accurate match.  There are however, many automatic image 
registration techniques, some of which are captured in several reviews [80,97-101].  
Simplistically, most image registration algorithms require three key components [102]; a 
transform type, a similarity metric (SM) and an optimiser.  Voxel based algorithms also 
require an interpolator.  The interpolator is simply the method of choosing the signal 
intensity from the neighbouring voxels in one image (fixed image) based on the 
coordinate of a voxel in the second image (moving image).  In the case of rigid body 
registration for 3 dimensional images the transform will be based on translations along 
three orthogonal axis and rotations about the same three axes.  The similarity metric is 
normally a single number which measures the degree of similarity between the two 
images. It can act on corresponding point sets surfaces or the individual voxel intensities 
[80].  For example the sum of the squared differences in corresponding voxel intensities 
between the two images is a simple voxel based similarity metric.  Methods using 
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corresponding point sets or surfaces may require these to be defined by the user 
although automated methods of extracting points and surfaces have been developed for 
some anatomical features.  From imaging theory a Sinc interpolation function would be 
most accurate [80] but is computationally expensive and a linear interpolator is normally 
sufficient.  Where speed is more important than accuracy a nearest neighbour approach 
may be preferable.  The final component is the optimiser which iteratively adjusts the 
transform to optimise the similarity metric [103].  Optimisers used in image registration 
are typically deterministic gradient based algorithms.  Normally direct implementation 
of stochastic methods, such as simulated annealing and genetic algorithms, are not 
deemed suitable for medical image registration due to the localised capture range [104].  
However, the introduction of stochastic elements into deterministic algorithms can 
reduce the probability of finding local minima e.g. due to interpolation artefacts 
[105,106].  Multi-scale approaches to image registration are also used to reduce the 
chances of finding local optima.  Multi-scale methods first sub-sample the images, by 
interpolation on to a coarse matrix, to make a low resolution image [102].  Image 
registration is first performed with the low resolution images and the resulting 
transforms are used as the starting point for image registration with images at a higher 
resolution.  Typically, image registration is performed with three to four levels of 
increasing image resolution. 
There are alternative methods of performing image registration such as correlation 
via fast Fourier transforms [107], feature matching [108] and registration via implicit 
surfaces [109] however these are rarely used in 3D medical imaging [99].   
2.4.2 Image registration algorithms used in the Elekta Synergy® IGRT 
system 
There are numerous algorithms for image registration and it is not the intention to 
review them all. However, two algorithms used in this thesis are provided in the 
Synergy® system and will therefore be introduced. These are labelled 'Bone' and 'Grey 
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Value' in the system but are referred to as the 'Elekta Chamfer' and 'Elekta Correlation 
Ratio' in this thesis.  
The 'Elekta Chamfer' algorithm is a surface registration based algorithm which 
uses a technique called chamfer matching [110], first implemented in the field of 
radiotherapy for multi-modality image registration of CT, MRI and SPECT images by 
van Herk and Kooy in 1994 [111].  The method requires segmenting the required feature 
from both modalities, which in the case of van Herk and Kooy was the skull.  The 
segmentation is performed using a threshold level above which voxels are classed as 
bone.  Then the number of voxels are sub-sampled to increase computational speed.  A 
distance transform image is calculated from the coordinates of the segmented voxels in 
the first image.  The similarity metric is then defined as the mean of the distance 
transform values calculated at locations corresponding to the points segmented from the 
second image.  Ideally this is performed in both directions but the distance transform is 
computationally expensive and so in practice is only performed in one direction.   
The 'Elekta Correlation Ratio' algorithm is a voxel intensity based algorithm which 
uses the correlation ratio as its similarity measure.  The correlation ratio is based on 
calculating the variance of all voxel intensities in a template image that maps through 
the transform to a single intensity (or intensity bin) in the estimated image.  The 
variance of voxel intensities at each intensity level, multiplied by the number of voxels 
at that level, is summed, over all intensity levels.  The total is then normalised by the 
total image variance multiplied by the total number of voxels.  This is described by 
Equation 2, 
∑=
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 Equation 2 
where N is the total number of voxels in the overlapping region of the two images, 
2σ  is the variance of the voxels in the template image region within the overlapping 
region, iN  is the total number of voxels within the overlapping region at a particular 
intensity level i, of the template image, and 2iσ  is the variance of all voxel intensities in 
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the estimated image that correspond, through the transform, to the intensity level, i, in 
the template image.  The assignment of an image to being the template or estimated 
image and to being the fixed or moving image results in four different combinations, 
each of which may give a different result.  Typically the fixed image is chosen as the 
one with the lowest frequency content because it is interpolated and the template image 
is the one that is most likely to be a good model for the other [112].  It is not known 
which image is chosen as the template in the 'Elekta Correlation ratio' implementation of 
the algorithm. 
The correlation ratio was first introduced for image registration by Roche et al. in 
1998 [112,113].  The algorithm should not be confused with the correlation coefficient 
similarity metric [114] which assumes a linear relationship between the voxel intensities 
in the two images.  Instead it assumes that there is a functional dependence between the 
voxel intensities.  As with the more popular mutual information similarity metric [115-
117], this makes it suitable for multi-modality image registration e.g. CT-MRI.  
However, as explained by Roche et al. [112] unlike mutual information, the correlation 
ratio,  
"does not treat intensity values in a purely qualitative way, without 
considering any notion of proximity in the intensity space.  As one tissue 
is never represented by a single intensity value, nearby intensities convey 
a lot of spatial information". 
It also does not require the computation of the images 2D histogram and hence is 
less computationally expensive than the standard mutual information algorithm. 
Note neither the 'Elekta Chamfer' nor the 'Elekta Correlation Ratio' algorithms use 
a multi-scale approach to reduce the likelihood of the algorithms finding local minima. 
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2.4.3 Image registration performance, accuracy, precision and quality 
assurance 
Image registration is used in many fields and there are many articles written on the 
subject of image registration performance.  In the following review key papers which 
highlight published work on a selection of different image registration performance 
evaluation methods are discussed.  Registration performance studies, in which the 
performance of commercial software is evaluated, are reviewed more comprehensively. 
It is worth first discussing what is meant by image registration performance as 
many articles concentrate on only one aspect.  Jannin et al. [118] sub-divides 
performance into:  
• Accuracy: the degree to which a registration is correct. 
• Precision and Reproducibility or Reliability: a measure of the variability 
or uncertainty in the registration and is influenced by the random 
fluctuations of the process. 
• Robustness: the performance of an algorithm under disruptive factors such 
as the data variability e.g. changes in signal and noise characteristics as 
well as image artefacts, pathology, or inter-individual anatomic or 
physiologic variability. 
• Consistency or Closed Loops: is a measure of the difference of the 
composition of transforms from a series of image registrations that form a 
closed loop with that of the identity. 
In the review article ‘Medical Image registration’ [80], Hill et al. briefly discuss 
registration accuracy for rigid body systems and covers four different approaches; the 
use of a gold standard, point landmarks, use of consistency measurements and visual 
assessment.  Hill states that visual assessment does not provide useful information on 
the uncertainty in the registration, only whether the registration was 'successful' or a 
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'failure'.  For image guided radiotherapy this is an important safety device.  Currently, 
visual inspection by the operator is needed to determine if the registration is good 
enough, in a subjective manner, for the image guided procedure to be continued.  The 
requirement for visual inspection could be eliminated if the registration algorithm was 
sufficiently robust, accurate and precise. The investigations of chapters 6-8 were 
performed to ascertain whether the performance of the algorithms in the Synergy system 
were sufficient to avoid a visual inspection or at least to give the operator confidence 
that only a brief inspection is required. 
Sharpe and Brock [96] discuss the quality assurance of image registration in their 
review paper.  Their view is that  
"phantom testing can determine whether algorithms re- produce 
known displacements or changes in orientation under varying 
conditions.  Phantoms also help to confirm basic performance metrics, 
such as geometric scale calibration and orientation, as well as the limits 
of linearity, accuracy, and precision.  However, phantom studies do not 
completely capture factors degrading registration algorithm 
performance, such as variations in slice thickness, resolution, distortion, 
noise, and patient movement".   
2.4.3.1 Evaluation of accuracy by hidden markers 
The study by West et al. [119] is an example of registration accuracy assessed 
using a gold standard.  They compared a number of different registration algorithms in a 
blind study.  Sets of CT–MR and MR-PET pairs were taken with a stereotactic frame 
and bone-implanted fiducial markers.  From these the gold standard coordinate 
transformation could be established.  The images were then sent to various institutes, 
having removed the fiducial markers, who applied their registration algorithms to the 
images.  They returned the coordinates of the eight corners of the registered images.  
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These were used to calculate the coordinate transform for comparison with the gold 
standard.  A target registration error was determined based on the centroids of several 
volumes of interest.  It should be pointed out that there is a geometric uncertainty in 
relation to the gold standard which was determined from the fiducial markers and will 
have an intrinsic fiducial registration error and hence target registration error. 
A similar study was recently published by Brock et al. [120] in which the 
performance and accuracy of many deformable registration algorithms was evaluated.  
In this study a mixture of intra-modality and inter-modality registration was performed 
with 4DCT and MRI images of patients treated for lung, liver and prostate cancer.  In 
the case of lung and liver an expert identified landmark points in both image sets while 
implanted gold seeds were used to assess accuracy of the prostate registrations. 
2.4.3.2 Evaluation of image registration consistency 
The full circle method described by van Herk et al. uses the registration transform 
between two separate MR images acquired at the same time and their respective 
registration transforms with a CT scan [121].  It has the advantage of not requiring a 
gold standard and can detect systematic errors caused by chemical–shift artefacts for 
example.  It would not detect systematic errors which are common to both MR images 
but does provide a useful quality assurance tool that could be applied in the majority of 
cases where multiple images are acquired during an examination.  The method is not 
suitable for X-ray imaging modalities where there is a cost to the patient in terms of 
increased radiation dose and therefore not suitable for registration of CT to CBCT in 
IGRT with patient images. 
When a registration algorithm gives a different result, working in reverse, i.e. 
when the moving and fixed images are swapped, then the reverse image registration can 
be used as a consistency of the image registration.  This technique is often employed in 
deformable image registration algorithms [122].  Another application of consistency 
checks is the multiple registration technique proposed by Ceylan et al. [123].  Here the 
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image volume is divided into a 3x3 array of sub-volumes which are individually 
registered.  The deviations of the transform for the individual sub-volumes are used to 
check the consistency with the registration for the whole image volume. 
2.4.3.3 Visual assessment 
Visual assessment has been used to assess the image registration accuracy either as 
a means of establishing a gold standard to which an automated image registration 
algorithm can be compared [124] or to determine if the automated algorithm is within 
an acceptable tolerance [88].  The placement of landmarks to assess image registration 
accuracy [88,120,125,126] could be considered as a special case of visual assessment 
that allows quantitative analysis. 
The ability to perform visual assessment is likely to depend on the visualisation 
method, quality of image display and lighting conditions.  There are a wide range of 
visualisation tools which include: side by side displays with linked cursors, split and 
checker-board display, fusion of data by blending grey and/or colour scales.  Li et al. 
[127] present a software environment with tools to aid visual assessment.  This includes 
histogram selected colour lookup tables and ray-casting with voxel transparency to 
enable visualisation of colour scales on surfaces.  Using this environment they were able 
to detect mis-registrations of 0.1 voxels and 0.1° [128]. 
Given the importance of visual assessment for quality assuring image registration 
accuracy, especially for image guided radiotherapy and surgery, there are relatively few 
studies of the limits of visual assessment of image registration accuracy [129-132].  
Rodriguez-Carranza and Loew [133] briefly review this subject.  As an example, 
Fitzpatrick et al. [132] performed a 'Receiver Operator Characteristics' analysis of image 
registration of the CT and MR images of the head.  They asked two experts and two 
non-experts to assess images with known random mis-registrations of up to 1cm using 
three different visualisation methods.  For thresholds of 2mm and greater the agreement 
between observer and the gold standard was better than 80%.  In the field of 
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radiotherapy Phillips et al. [130] studied the limits of human detection of patient setup 
errors using digitally reconstructed radiographs and portal images.  The portal images 
were simulated from the CT dataset thus providing a 'gold standard'.  Thresholds for 
detecting in-plane translations and rotations were found to be 2.5 mm and 1.6°.  No 
references to the limits of visual detection in CT-CBCT image registration for image 
guided radiotherapy were found in the literature. 
2.4.3.4 Alternative methods 
Kybic et al. report a bootstrap estimation of image registration uncertainties 
performed by registering multiple images where each image is constructed by randomly 
sampling the image space [134].  The random sub-sampling of the image space is 
performed to simulate multiple re-acquisitions of the same image.  However, it is not 
obvious that the uncertainties or precision of image registration measured using this 
bootstrap method are in any way related to the overall uncertainties introduced in the 
image registration process e.g. by the choice of starting point. 
2.4.4 Performance evaluation of commercial image registration algorithms 
There are many individual studies of the image registration performance of 
commercial systems [4,125,126,135-141].  Of these, all but one investigates image 
registration for target definition in radiotherapy treatment planning CT-MR and CT-
PET.  The exception is Sykes et al. [4] who investigate CT-CBCT image registration but 
this was on a pre-commercial release system which did not have its own image 
registration algorithm.  Hence, the study used the image registration algorithms within 
the Syntegra software (a module of the Pinnacle treatment planning system, Philips 
Healthcare, Best, Netherlands).  The most commonly used gold standard was the use of 
external fiducial markers from a stereotactic head frame [119,136,138,140,141] 
although one used manually placed landmarks [120].  To assess relative misalignments 
either a phantom was translated physically [137,139] or virtually by transforming the 
image data [4,141,142].  Most studies used a measure of target registration error (TRE) 
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[125,126,135,136,140,142,143].  Typically, the target registration error is the mean of 
the distances between corresponding points in the two registered images.  Yu et al. [140] 
and Mutic et al. [138] also reported the maximum distance and the standard deviation of 
the distances respectively.  The choice of relevant points differs in the above studies.  
Barboriak and Provenzale [125] and Sarkar et al. [126] both used defined anatomical 
landmarks, Lavely et al. [136] and Ardekani et al. [142] used a grid of points throughout 
the imaged volume, Mutic et al. [138] and West et al. [119] used the centroids of 
volumes of interest, Yu et al. [140] used the fiducial markers of a stereotactic head 
frame and Isambert et al. [143] used surface fiducial markers.  The inconsistent 
approach makes these studies difficult to compare.  Two studies [4,139] just reported 
the difference in translation and rotation parameters but unless the centre of rotation is 
known this says little about the target registration errors in the image volume of interest.  
A variety of phantoms were used and in some cases patient images.  All studies 
concentrated on image registration accuracy for the head.   
There are several studies looking at the accuracy of image registration in a 
radiotherapy context, however, as concluded by Sharpe et al. in their review of image 
registration quality assurance [96] there is no consistent approach.  One approach is to 
use phantoms with objects of known spatial location imaged with both CT and MRI 
modalities [137-140].  This has the advantage of enabling controlled measurement of 
errors throughout the entire process of image acquisition and image registration with a 
ground truth established through the objects with known spatial location.  It should be 
noted that even with a phantom the measurement of accuracy is limited by the ability to 
position the phantom in both imaging modalities in a reproducible manner.  The fixed 
geometry of the phantom can also be used to estimate the spatial distortion in the images 
and its effect on image registration accuracy; this is a particular problem for MRI [137].   
A dependence on physical phantoms means that uncertainties arising from natural 
variations in shape, size and composition in the patient population are not measured.  
These factors affect the robustness of the algorithm.  The two studies reporting the 
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performance of commercial registration algorithms using patient images are both limited 
to image registration of the head [126,139] and therefore do not establish the robustness 
of the algorithm with images of other anatomical sites.   
None of the studies with commercial algorithms [4,125,126,135-141] are able to 
assess the precision of image registration satisfactorily.  To do this requires many repeat 
registrations which is time consuming without a degree of automation.  The studies by 
Smitsmans et al. [144] and Wang et al. [145] are examples in which precision is 
evaluated by repeat registration.  Neither of these studies was performed on commercial 
algorithms and were only made possible by having access to the algorithms source code. 
It is evident that there is a lack of performance evaluation of the commercial 
algorithms used for CT-CBCT image registration in IGRT.  Furthermore, there is a lack 
of studies of image registration with anatomical sites other than the brain.  The tendency 
towards using physical phantoms and the lack of automation make evaluation of image 
registration robustness and precision inadequate.  Methods to automate image 
registration with commercial image registration systems and thereby assess image 
registration precision and robustness are developed in chapters 6 & 7.  Chapter 6 
assesses the performance for image registration of the brain whilst chapter 7 extends 
these methods to assess image registration of the prostate. 
2.4.5 Relationship between image quality (dose) and image registration 
performance 
The robustness of an image registration algorithm with respect to the quality of the 
image, and in particular the increased noise of low dose acquisitions, is of particular 
interest for image guided radiotherapy.  In the UK there is a legal requirement to 
minimise the radiation dose to the patient [7].  However, the imaging exposure 
parameters need to be sufficient to produce an image on which image registration can be 
performed whether it is performed manually or automatically.  Van Herk et al. [111] 
studied the robustness of the Chamfer matching to missing data, outliers, poor 
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segmentation, and deformation for image registration of CT-CT and CT-MR.  Poor 
segmentation was induced by adding noise with a standard deviation that was 33% of 
the intensity of water.  Reliability fell by 1% to 99% and the accuracy measure increased 
from 0.3mm 0.4mm.   
Sykes et al. [4] performed a preliminary study to determine the effect of image 
noise on CT-CBCT image registration accuracy. This was achieved by producing 
images of low dose by lowering exposure parameters and then by simulating further 
dose reductions with CBCT scans reconstructed from a fifth of the normal number of 
projection images.  Image registration using the correlation coefficient similarity metric 
of the Syntegra software was unaffected by the reduction in dose.  Skerl et al. [146] also 
studied the effect of reducing imaging dose on CT-CBCT image registration of images 
of vertebrae by decreasing the number of projections.  They evaluated the performance 
of several image registration similarity metrics and found that accuracy and precision 
were slightly improved with increasing number of projection images.  However, 
robustness seemed to reduce with large numbers of projections and exhibited a peak at 
16 projection images.  It should be noted that an algebraic reconstruction technique was 
used which allowed them to reconstruct with as low as four projection images.  
Algebraic methods are not used in commercial systems because they are slow compared 
to back projection methods based on the method of Feldkamp et al. [41] and cannot be 
calculated in parallel with image acquisition. 
Dandekar et al. studied CT-CT deformable image registration for intra-operative 
CT where the exposure parameters for the intra-operative CT were reduced from the 
standard 200mAs to 10mAs [147].  The image registration accuracy was preserved at 
the lower dose levels. 
It is clear from the above studies that image registration can be robust to increased 
image noise however the limits of low dose image acquisition whilst maintaining image 
registration performance of CT-CBCT within the constraints required by IGRT have yet 
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to be demonstrated.  The relationship between image registration performance and 
imaging dose is investigated in chapters 6 and 7. 
2.4.6 Methods for checking image registration quality (user feedback) 
There is an emerging interest in methods to facilitate or automate the checking of 
an automatic image registration but to date there have been few published studies.  
Pappas et al. used image segmentation techniques to extract regions of cortical bone in 
CT and T1 weighted MRI images of the head [148].  Voxels which were common to 
both were classed as 'safe' and colour coded green.  Voxels which were only in the CT 
image were classed as 'unsafe' and colour coded red.  Visual display of the MR image 
with the safe and unsafe voxels coloured green can facilitate the visual assessment of 
image registration accuracy.  Rodriguez-Carranza et al. developed a method of detecting 
large mis-registrations of CT-MR images [133] by 1) extracting contours for the brain 
and skin-air surfaces, 2) performing principal component analysis to determine the 
angular transformation between them 3) using a distance measure to assess the 
agreement of the two pairs of surfaces.  The measure aimed to detect translations greater 
than 3mm and rotations greater than 4° but was only able to detect translations greater 
than 5mm and rotations greater than 6° with false positive rates less than 10%.  This 
may be due, impart, to the large slice width of the images used in this study.   
For automatic validation of deformable image registration two methods have been 
proposed.  Brock et al. devised a metric κ which has many similarities with the more 
commonly used γ value used to evaluate differences in 3D-dose distributions [149].  A 
voxel of the predicted image passes if  
"it is within 3 image units (i.e. Hounsfield Units or MR number) of 
the voxel value on the actual image or within 0.3 cm of its corresponding 
voxel on the actual image.  The κ index indicates the percentage of points 
passing at least one of the parameters." 
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This is only useful for evaluation of image registration between two images of the 
same modality although the distance component on its own could provide a useful 
quantity to be incorporated into treatment margins at the planning stage.  The second 
method was proposed by Hub et al. for deformable image registration based on B-
splines [150].  They use the sum of squared (voxel intensity) differences (SSD) metric to 
assess agreement in small regions around each voxel.  The effect on the SSD is observed 
for moderate and random adjustments to the B-spline coefficients.  For a particular 
voxel if the SSD is well defined (described by Hub et al. as having a clear minimum) 
then there is a greater certainty in the B-spline parameters.  If it is not well defined there 
is greater uncertainty in the B-spline parameters.  This allows a map of regions within 
the image for which the image registration is un-certain to be produced.  The use of SSD 
in this study restricts it to evaluation of images of the same modality and is likely to 
highlight areas of uncertainty where there is little information in the image i.e. areas of 
uniform grey level. 
2.5 Introduction to tools used in the thesis 
2.5.1 Measurement of image sharpness  
In chapter 3, a novel method to measure image sharpness from the central air-
cavity of the QUASAR™® Penta-Guide phantom is developed and tested.  This section 
introduces the background to image sharpness (also known as limiting resolution) 
measurements. 
No imaging system is perfect and the quality of the final image will be a result of 
how well the spatial frequencies that represent the imaged object are transferred through 
the various components of the imaging system.  In FBCT and CBCT systems the finite 
size of the X-ray focal spot, the source to object and object to detector distance 
introduce blurring of the image or loss of image sharpness i.e. high spatial frequencies 
are attenuated.  The size of the detector elements and the inclusion of scatter rejection 
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methods such as anti-scatter grids or septas between the detectors also affect the degree 
to which the image is blurred.  Mis-alignment of the focal spot and detector introduces 
further blurring and is the most likely factor leading to variation of image blurring.  The 
reconstruction algorithm itself normally acts to attenuate both low and high spatial 
frequency components and can often be adjusted by the user to produce sharper, but 
noisier, images or smoother and less noisy images.  Finally, the size of the volume 
elements in which the image is reconstructed can have a significant impact on the 
limiting resolution [151].  The modulation transfer function (MTF) is a metric which 
describes the ability of an imaging system to convey information throughout the range 
of spatial frequencies.  It is defined as the ratio of the power of the output frequencies to 
the input frequencies. 
The MTF can be calculated automatically from images of suitable test objects.  It 
can be calculated from the point spread function (PSF), line spread function (LSF) or 
edge spread function (ESF) determined from the images of a small high contrast object 
[152], a thin wire [152] or a high contrast edge [153], respectively.  A point has the 
advantage of allowing the MTF in all three dimensions to be calculated simultaneously 
but is more susceptible to noise and the voxel dimensions.  One advantage of the line 
and edge spread function is that the test object can be rotated such that the line or edge 
forms an acute angle with the reconstruction axis.  Each row provides pixel values 
slightly shifted from its adjacent row.  By combining many rows the line or edge can 
affectively be imaged at sub-pixel (voxel) resolution and the effect of image noise can 
be reduced (Figure 3) [154].  This method approximates the pre-sampled MTF i.e. the 
MTF before the sampling introduced by the reconstructed voxel size and allows the 
MTF to be calculated with much larger voxel sizes. 
A full calculation of the MTF is not normally required in order to ensure that an 
FBCT or CBCT scanner is performing consistently over time.  Routine methods 
employed to measure and ensure constancy of the measurement of limiting resolution 
are often subjective.  High contrast resolution test objects such as that in the Catphan® 
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[155] have multiple groups of line pairs with decreasing separation spanning a range of 
spatial frequencies.  In the Catphan® this range is 1 line pair per centimetre (lp/cm) to 
21 lp/cm.  The image of the test object is visually assessed to determine the line pair 
group with the lowest separation at which all the lines of the group can be resolved.  
This is known as the limiting resolution. 
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Figure 3. Illustration of edge spread function derived from an inclined edge. Shows the 
normalised pixel intensities for a step edge with an incline of 11° (left).  The 
rows a-e, for pixel positions 1-7, are shown as bar graphs (right).  Since the 
edge of the step is displaced by 0.2 pixels the data from the five rows a-e 
can be combined (lower right). 
It is important to note that visual assessment of a line pair test object is to 
determine changes in the limiting resolution due to factors such as change in spot size or 
alignment of detector and focal spot then it is important that the image is not 
undersampled i.e. the reconstructed voxel size must be at most half the size of the 
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limiting resolution spatial frequency.  This is an important consideration for CBCT 
where reconstruction times increase significantly with reducing voxel size.   
A practical method to automate the analysis of images of a bar pattern or line pair 
test object is to calculate the variance of the bar patterns with different frequencies 
[156].  One advantage of this method is that it is more reslient to aliasing due to under-
sampling of the image (large voxel size) [157].  The method is used in the automated 
analysis of portal images of the QC3V phantom with the PipsPro™ software (Standard 
Imaging Inc., Middleton, Wisconsin, USA) [158].  Alternatively, the MTF can be 
calculated more accurately directly from a line pair test object [159,160]. 
Chen et al. [161] demonstrated that the PSF can be calculated in three dimensions 
from the edge spread function determined from the CBCT image of a plastic sphere.  
The point spread function, which was modelled as a 3D-Gaussian distribution, was 
determined iteratively by minimising the difference between the measured profile across 
opposite edges of the sphere and a rectangular function convolved with the Gaussian 
blurring point spread function.  The full width at half maximum of the PSF is related to 
the MTF50 which is the spatial frequency at which the MTF drops to 0.5.  The method is 
limited because only voxels along lines passing through the centre of the sphere were 
sampled.  This imposed the requirement that the reconstructed image voxel size was 
small in order to sufficiently sample the edge profile.  In their study the voxel size was 
less than 0.2mm which is far less than the 1mm voxel size of the standard clinical 
reconstruction setting on the Synergy® system. It should be noted that measurement of 
the MTF from a large spherical object, as employed by Chen et al. makes the 
assumption that the MTF is space invariant.  This is not strictly correct as discussed and 
demonstrated by Schwarzband and Kiryati [186] for spiral FBCT and CBCT systems.  
In fact the MTF may also not be isotropic in the axial plane i.e. the same in all radial 
directions. However, the method is likely to provide a reasonable consistency 
measurement of image sharpness for the purpose of quality assurance. 
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In chapter 3, the concept of extracting the ESF from the image of a sphere is 
utilised to extract the MTF50 from the ESF of the spherical air cavity at the centre of the 
air-cavity within the QUASAR™ Penta-Guide phantom.  A novel enhancement to this 
method eliminates the dependence on small voxel sizes allowing the analysis to be 
performed on a scan reconstructed with the standard resolution used clinically (voxel 
size = 1mm x 1mm x 1mm). 
2.5.2 Dual quaternions to represent rigid body transformations 
In chapters 5-7 positional and image registration errors are represented as a rigid 
body transform between the measured position and the 'ground truth'.  Many researchers 
express the errors as the difference in transform parameters but this is not strictly true 
when there is a significant rotational component.  The use of unit quaternions or versors 
[102] provide a framework for dealing with the rotation component and can be used 
during the optimisation process of image registration [102].  Dual quaternions provide a 
convenient mathematical framework for representing both the translation and rotation 
components rigid body transforms.  They have been used extensively in the 
aeronautical, computer graphics [162,163] and robotics [164,165] industries where 
accurate interpolation and the computation of time varying position and rotation is 
required to calculate trajectories. 
Dual quaternions are particularly useful in simplifying the understanding of the 
image registration error calculations.  For instance the error between a registration result 
and its ground truth can be defined as the unit dual quaternion that represents the 
product of the unit dual quaternion conjugate representing the inverse of the measured 
transform and the unit dual quaternion representing the ground truth transform.  If this 
were to be performed with the translation and rotation transforms separately, then the 
order of the translations and rotations need to be considered carefully; with dual 
quaternions this is all hidden within the framework of the dual quaternion.  It also 
provides a framework for calculating the average error transform.  Methods for 
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calculating the average of a number of rotation transforms are discussed in the literature 
[166-169].  However, it is not clear whether the translation parameters can be averaged 
independently from the rotations; dual quaternions provide a solution to this problem 
[163]. 
2.5.3 Evaluation of image registration similarity metrics  
In chapter 8, the surface of the similarity metric is explored in the vicinity of the 
transform parameters returned by an image registration.  The choice of similarity metric 
can influence the rate of success, speed and precision of an image registration.  
Performing a near exhaustive search of the parameter space using several similarity 
metrics is one way of predicting the likelihood of registration failure and precision.  This 
has been shown for megavoltage portal images in which the mean pixel-wise product 
similarity metric was shown to have the least number of local minima with comparable 
accuracy and reliability to the other similarity metrics tested [170].  Skerl et al. [171] 
evaluated similarity metrics for CT-CBCT and CT-MR image registration.  In their 
study nine different similarity metrics were evaluated for image registration of two 
vertebral bodies imaged with CBCT reconstructed using an iterative simultaneous 
algebraic technique.  They used five similarity metric evaluation metrics which relate to 
accuracy, distinctiveness of the optimum, risk of non-convergence, number of minima 
and capture range in order to demonstrate that the Asymmetric gradient– based mutual 
(AMMI) similarity metric proved overall to give the best performance.  They also 
demonstrated that the AMMI metric gives reasonable results even when only four 
projection images were used to reconstruct the CBCT image.  Analysis of the similarity 
metric over the parameter space has value in predicting the performance of a similarity 
metric, independent of how the optimisation is implemented. But as demonstrated in 
Chapter 8, may also be of value in evaluating the quality of an image registration. 
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2.5.4 Supervised Machine learning (Data mining) 
In chapter 8, Bayesian networks are used to predict the quality of an image 
registration based on a training set for which the misalignment between the two images 
is known.  In this section some of the basic concepts of machine learning relevant to the 
work of Chapter 8 are introduced.  Much of this is based on the book, 'Artificial 
Intelligence, A modern approach', by Russell and Norvig [172].  Bayesian networks are 
one of many supervised machine learning algorithms [172]. Supervised learning is the 
term given to the problem of learning a function from examples of its inputs and 
outputs.  For example, linear regression is a simple form of supervised learning in which 
a straight line function (y = m.x + c) is a hypothesis for the true function that gave rise 
to the observed data.  The parameters of the straight line i.e. the gradient (m) and 
intercept (c) are learnt from a set of observations.  These take the form of point data 
with a single output (y) for each input (x).  The parameters of the straight line can be 
determined by minimising the squared difference between the outputs and the straight 
line.  The straight line is then used to predict the output on the basis of further inputs.   
A common problem in the training of a machine learning algorithm is noise and 
over-fitting.  If a machine learning algorithm has too much freedom in the generation of 
possible hypothesis then the model may predict the training data well but will 
incorrectly predict the output based on further inputs.  An example of this is fitting a 
polynomial of degree n to n points (e.g. n = 6) where the n points are based on noisy 
observations and the underlying function is actually a straight line.  The model which 
will have a series of maxima and minima will exactly fit the n observations but will not 
be generalisable i.e. it will be unable to correctly predict the output for any other 
observations which interpolate or extrapolate the training set.  A general rule is that the 
hypothesis should be the simplest that is consistent with the data (Ockham's razor).  One 
method of preventing over-fitting is cross-validation.  The set of observations is split 
into two groups, a training set and a test set.  The hypothesis is learnt from the training 
set and then used to predict how well it predicts the test set.  In K-fold cross-validation 
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the data, consisting of N observations,  is split into (k-1).(N/k) observations for the 
training set and N/k observations for the test set.  k experiments are run using a different 
set of N/k observations as the test group each time. 
Regression methods are used where both the inputs and outputs are continuously 
variable.  If the output is discrete i.e. one of a number of classifications then regression 
techniques can still be employed by enforcing thresholds to the output.  There are a 
number of other algorithms that can be utilised.  The simplest are based on discriminant 
functions which divide the input variable space into regions containing the different 
classes.  However,  
"statistical learning algorithms can provide general solutions to 
the problems of noise, over-fitting and optimal prediction." 
 [172].  The simplest of these is the Naive Bayes model which assumes that all the 
independent variables are independent.  The output has a conditional probability on each 
of the input variables which is learnt from the training data set.  Given a new set of 
inputs the output prediction of classification is the product of the probability of 
observing the class and the geometric sum of all the conditional probabilities of the 
inputs.  The Naive Bayes model scales well to large problems and has no difficulty with 
noisy data however, it is likely to fail if the input variables are not independent.  The 
Bayesian Network algorithm [173] can be used where the input variables are not 
independent.  The Bayesian Network creates a network of interdependent variables in 
which the conditional probabilities of one input variable on another are determined.  In 
the extreme case all input variables are dependent on each other.  Typically not all 
inputs have conditional dependence on all other inputs and so the network maybe much 
simpler.  A Bayesian network is learnt in two stages [174].  First the network is learnt 
using optimisation methods, often using the Naïve Bayes model as a starting point and 
then the conditional probabilities are learnt.  Other statistical machine learning 
algorithms that are commonly used, which could have been applied to the problem 
addressed in chapter 8, include Neural Networks and Support Vector machines [172]. 
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Machine learning has been used in radiotherapy applications by a number of 
researchers in predicting radiotherapy outcome [175-179] and also in image guided 
radiotherapy for markerless respiratory gating of radiotherapy treatments [180]. 
However such techniques have not been applied to the problem of learning image 
registration quality. 
2.6 Summary 
In this chapter image guided radiotherapy has been introduced and the published 
literature relating to geometric uncertainties considered.  Geometric uncertainties can be 
divided into three distinct areas of image geometry, image registration and correction.  
A need for accurate and efficient methods for quality assurance of the alignment of both 
the CBCT image and the treatment beams has been identified.  There is very little 
information on the performance of automatic image registration algorithms used for 
CBCT based image guidance and the lack of access to the algorithms restricts the 
thoroughness to which they can be tested.  Furthermore, there is no standardised method 
of reporting image registration accuracy.  It is the aim of this thesis to develop 
techniques to measure image registration performance and to further our understanding 
of the accuracy, precision and robustness of the image registration algorithms used in 
IGRT.  In particular their ability to work with high noise, low dose images is of interest 
in order to reduce the risks that are associated with X-ray imaging.  Finally, the thesis 
aims to perform a preliminary exploration of a method to provide user feedback on the 
likely quality of an image registration. 
Chapter 3  
Quantification of misalignments in cone beam 
CT based IGRT equipment 
3.1 Introduction 
By integrating a CBCT imaging system with a linear accelerator (linac) i.e. 
mounting the X-ray tube and amorphous silicon flat panel imager to arms that project 
from the linac gantry, the CBCT image should be inherently aligned with the MV 
treatment beam.  However, to ensure correct alignment between MV and CBCT 
systems, the CBCT system needs to be calibrated.  This will eliminate the small 
systematic misalignments of tube and imager and the effects of mechanical sag due to 
gravity.  If, for some reason e.g. the actions of servicing or component failure, the 
calibration becomes invalid then a misalignment between MV and CBCT systems could 
be introduced.  This would lead to errors in image guidance i.e. the misalignments will 
lead to geographic miss of the target affecting the quality of the treatment.  It is therefore 
essential that an appropriate schedule of checks is made to ensure significant 
misalignments are detected before they affect patients' treatments.  It is also important to 
determine the typical day to day variation of these misalignments.  If this variation is 
significant then it needs to be factored into treatment margin calculations [21].  
Misalignments of X-ray tube and imager may also cause loss of image sharpness which 
will affect the ability to perform image registration.  As with the CBCT-MV alignment 
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these effects need to be measured regularly to determine their effect on the image 
guidance process.   
In this chapter methods of quantifying CBCT to MV isocentre alignment and X-
ray tube to imager alignment are described and historical results reported.  A new 
method to improve the measurement of CBCT to MV isocentre alignment is described 
in detail and tested.  A novel method of measuring the image sharpness performed on 
images acquired during the CBCT to MV isocentre alignment measurement is also 
described Its sensitivity to misalignment of the imager is demonstrated and compared to 
results obtained using the Catphan® 600 image quality phantom  The literature suggests 
that CBCT-MV alignment errors are low. However, to ensure these complex systems 
remain aligned, methods for performing routine checks, in an efficient manner, need to 
be developed. This can only be achieved if all checks of the linac and image guidance 
systems that need to be performed frequently (daily or weekly) are combined so that 
they all use the same phantom.  It is important that the reduction in time taken to 
perform these checks does not compromise levels of accuracy and precision. 
3.2 Background 
In 2005 Leeds Teaching Hospitals NHS Trust took delivery of the first commercial 
Synergy® system to be installed in the UK.  A quality assurance scheme was established 
which concentrated primarily on the geometric aspects of the system.  A CBCT-MV 
isocentre alignment test was established using the Elekta ball bearing phantom as used 
by Lehmann et al [60].  The ball bearing (BB) was aligned to the room lasers (nominally 
the MV isocentre) and its position relative to the MV radiation isocentre determined 
using the MV portal imager.  In contrast to Lehmann et al, the ball bearing was not 
adjusted to match the MV radiation isocentre and the BB was imaged using a 
reconstructed CBCT image instead of just two orthogonal kV projection images.  Note, 
for the measurement of CBCT-MV isocentre it is not necessary to have the BB placed at 
the MV radiation isocentre.  It just needs to provide a common point of reference for 
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both kV and MV imaging systems that is close to the MV isocentre.  Registration of the 
CBCT image with a reference image gave the shift between BB and CBCT image 
centre.  The difference between BB position relative to both the MV isocentre and the 
CBCT image centre gave a measure of the CBCT-MV isocentre alignment.  The BB 
was imaged with the three fields of view and the whole procedure took approximately 
45 minutes.  While this gave a very accurate assessment of CBCT-MV alignment it was 
not practical as a daily check and even on a monthly basis the measurement could not be 
fitted into the time allotted for performing routine checks of the linac. 
Since the most likely cause of a misalignment between MV and CBCT system was 
the panel not being driven to the correct position for imaging, a very quick daily check 
was introduced.  This check used a special filter inserted in the collimator assembly of 
the X-ray tube with a radio-opaque cross at its centre.  A 2D projection image acquired 
daily was compared to an equivalent image acquired immediately after flexmap 
calibration of the system at a gantry angle of 0°.  Flexmap calibration, described in 2.2.4 
is used to set-up the position of the MV isocentre in the CBCT image.  The location of 
the cross on the daily image was compared to the reference image.  At this time the 
Synergy® system had no in-built safety mechanism to ensure the panel was in the 
correct place for imaging.  If an image was acquired with the imager misaligned in the 
longitudinal direction i.e. parallel to the rotation axis then the CBCT image would look 
normal but image registration against a reference image would give erroneous patient 
correction shifts.  Misalignment of the imager in the lateral (tangential) direction would 
not lead to the wrong patient shifts but would reduce the sharpness of the image as 
discussed previously.  While the quick panel alignment check could not ensure that the 
panel always drove to the correct place for each image it could at least check the 
position at the beginning of the day and could be monitored to assess the random error 
and any systematic drifts.  An added advantage of the panel alignment check was that it 
could detect lateral misalignments of the panel which would not necessarily be picked 
up by the CBCT-MV isocentre check  
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In the period 2008-2010 Leeds led a national project to evaluate X-ray 
tomographic IGRT systems for the Centre for Evidence based Purchasing (CEP).  As 
part of this evaluation there was a need to develop a method to assess the CBCT-MV 
isocentre alignment using methods that were independent from any single manufacturer 
and could be applied to any manufacturers CBCT system.  At this time the QUASAR™ 
Penta-Guide phantom had recently become commercially available.  The Penta-Guide 
phantom (Figure 4) combines kV-MV alignment tests with positioning accuracy.  As 
described by Bisonnette et al [9];  
The Penta-Guide phantom "consists of 5 low-density spheres set in 
a unique spatial orientation and embedded within a 16-cm block of 
acrylic. The central sphere has a diameter of 12 mm, whereas all of the 
others have a diameter of 8 mm. Each sphere, except the central 12-mm 
sphere, has a matching low-density ring on the posterior and right-hand 
faces, such that anterior and lateral-left projections of the spheres 
should be concentric with the rings if the cube is levelled. The 5 spheres 
are oriented in a unique pattern to distinguish right from left, anterior 
from posterior, and superior from inferior orientations. All materials 
were chosen to minimize CT artifacts" ..." The unique spatial distribution 
of the sphere allows the verification of the geometric accuracy and 
integrity of planar images obtained in either radiographic or 
fluoroscopic modes. Displacement of the central sphere from the center 
of the image matrix will indicate misalignment of the x-ray tube and/of 
flat-panel assemblies with respect to the accelerator isocenter; 
noncoincidence of the sphere and matching ring will indicate rotation of 
system components (tilt, pitch, or yaw); and finally, mismatches between 
the expected and actual orientation of the sphere will indicate issues with 
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the image-acquisition system or acquisition software. Finally, the marks 
and etchings engraved on the phantom’s surface integrate the daily QA 
of volumetric image guidance systems with actual accelerator daily 
QA."... "the surfaces of the phantom were engraved with markings to 
align the phantom with the room lasers and subsequently assess the size 
of the light field, the position of the cross-hairs, and the optical distance 
indicator on 3 of the 4 cardinal gantry angles (ie, 0°, 90°, and 270°).44 
Therefore, daily QA of the image-guidance system can be performed 
simultaneously with several daily QA procedures, minimizing the 
additional time required to perform daily QA for all of these components 
while improving their accuracy." 
 
 
(a) 
 
(b) 
Figure 4. The Penta-Guide phantom. a) Photograph of Penta-Guide phantom and b) 
translucent illustration of phantom showing internal air cavities.  (Images 
courtesy of Modus Medical Devices Inc.  London, ON, Canada). 
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The use of 2D-2D matching of DRRs and MV portal images from just two gantry 
angles was thought to be a less accurate technique than the ball bearing CBCT-MV 
isocentre alignment test.  It also introduced a greater degree of subjectivity as the 2D-2D 
match required manual location of the field edges and manual location of the central 
sphere with the iView portal imaging software (Elekta AB, Stockholm, Sweden). 
It was also recognised that the current daily panel alignment test did not test the 
full functionality of the Synergy® system prior to clinical use and in particular that no 
check of the couch positioning accuracy was being made.  The Penta-Guide phantom 
was ideal for this; however as an additional check it was likely to extend the length of 
daily QA by some 20 minutes or more.  The Penta-Guide phantom also had appropriate 
markings for checking the room lasers, optical field and distance indicators.  These tests 
were currently checked using an alternative test tool.  The Penta-Guide had the potential 
to reduce the overall time to perform daily QA, if, both the standard linac QA, the check 
of CBCT-MV isocentre alignment and couch positioning could be integrated. 
Furthermore it should be possible to measure the sharpness of the edge of the 
central spherical air cavity in the CBCT image.  This would avoid an additional CBCT 
scan of the Catphan® to assess image sharpness as it could be performed on the same 
scan of the Penta-Guide phantom as was used for CBCT-MV isocentre alignment.  The 
image sharpness test has the potential to detect the lateral misalignment between X-ray 
tube and imager. 
3.3 Methods 
3.3.1 CBCT-MV isocentre alignment using the ball bearing phantom 
The CBCT-MV isocentre alignment was measured once a month, using an 8mm 
ball bearing (BB) phantom provided by Elekta with the Synergy® system for calibrating 
the flex in the system.  The alignment was determined in two stages: first, the position 
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of the BB relative to the MV isocentre was measured using the iViewGT portal imager; 
second, the position of the BB in a CBCT scan, was measured, relative to a digitally 
synthesized reference image of the BB with a treatment centre placed at its centre.  The 
CBCT-MV alignment was given by the vector difference between these two 
measurements. 
The MV isocentre was measured using an image analysis software tool provided 
by Elekta in the X-ray Volumetric Imaging (XVI) (v3.4) software application of the 
Synergy® system.  First, two portal images were acquired at each of the four cardinal 
gantry angles (0°, 90°, 180° & 270°) with the BB aligned to the lasers (nominal MV 
isocentre).  Each pair of images was acquired with a square field (12cm x 12cm) and 
opposing diaphragm rotations (90° & 270°).  For efficiency this was performed using a 
step and shoot intensity modulated radiotherapy beam to cycle through each of the 
beams while the imager automatically acquired images for each segment.  The XVI 
software analysis tool was then used to locate the projected centre of the radiation field 
on each image from the edges of the diaphragm and the centre of the BB on each image.  
Locating the field centre on images acquired with opposing head angles accounted for 
any miss-calibration of the field edge position.  The analysis tool calculated the 3D 
coordinates of both the MV isocentre and BB positions by back-projecting the 
respective image coordinates from all four gantry angles to the isocentric plane, a 
distance of 100 cm from the source.  For the purpose of flexmap acquisition, the 
intended use of the XVI software tool, the relative difference in position of BB would 
have been used to reposition the BB at the MV isocentre however, for the purpose of 
measuring CBCT-MV isocentre alignment this was not necessary. 
The second stage of measuring CBCT-MV isocentre alignment was to acquire a 
CBCT of the BB reconstructed at (0.5 mm)3 voxel size.  Image registration with a 
synthesized image of the BB allowed the displacement of the BB from the reference 
image to be determined using the registration tools available in the XVI software 
application.  CBCT-MV isocentre alignment was calculated from the difference between 
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the vectors describing both BB centre to MV isocentre displacement and displacement 
of BB in the CBCT scan.   
This method was performed monthly over a period of almost two years for each of 
the small, medium and large fields of view (Figure 5. a-d) available with Synergy® as 
part of a routine quality assurance program for IGRT.  A separate flexmap calibration 
was required for each field of view because each field of view had its own nominal 
position of the flat panel imager.  Consequently, each field of view was checked on a 
monthly basis. 
41
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Figure 5. Diagram of Elekta Synergy® system and its geometry for each field of view. (a) 
Schematic of the Elekta Synergy® system showing kV imager (U, V) and 
isocentre (X, Y, Z) coordinate systems, (b) illustration of small field of view 
geometry, (c) illustration of medium field geometry and, (d) illustration of 
large field of view geometry.  (All dimensions are in units of cm.)  
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3.3.2 Daily check of flat panel imager alignment 
A daily check of flat panel imager alignment was implemented as part of a quality 
assurance scheme to indicate any change in the mechanical set-up of the Synergy® 
system that might lead to either CBCT-MV centre misalignment or image blurring.  The 
method was based on that first implemented at the Christie Hospital (Manchester, UK) 
but not described elsewhere in the literature [181].  This check required the acquisition 
of a 'Planar View’ kV image acquired with a static gantry angle of 0° with a custom 
filter inserted into the filter slot of the X-ray tube housing.  The custom filter, known as 
'CAL1' and supplied with the Synergy® system, had a cross that projects approximately 
to the isocentre.  For the daily imager alignment check the position of the cross was 
compared to that in a reference image, acquired in a similar manner, at the time of 
flexmap acquisition, using the template matching tools in the XVI software.  A 
difference in the position of the cross in the check image relative to the cross in the 
reference image indicated a misalignment of the source and imager.   
Alignment check images performed both at small and medium fields of view, over 
a 7 month period, were reviewed to determine the stability of the system and hence 
assess the value of the check.  To do this images were exported in DICOM format and 
then analysed using locally developed Matlab code (The MathWorks, Inc.) to 
automatically locate the position of the cross on each image and compare it to the 
position of the cross in the reference image. 
3.3.3 Measurement of CBCT-MV isocentre alignment using the Penta-
Guide phantom 
The Penta-Guide phantom used, was a 16cm cube of Acrylic, with five, internal, 
spherical air cavities with unique orientation for 3D image registration and external 
markings for checking laser alignment, MV light field size and anterior-posterior and 
lateral kV projection alignment.  The CBCT-MV isocentre alignment was measured 
with the Penta-Guide phantom in a similar manner to that using the BB phantom 
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(section 3.3.1) but with the central air cavity of the Penta-Guide phantom replacing the 
BB.  The central air-cavity of the Penta-Guide phantom, which was 12mm in diameter, 
was slightly larger than the diameter of the BB, 8mm.  The Penta-Guide phantom was 
aligned with the lasers and eight portal images acquired using the same method as for 
the BB phantom.  The eight images were then exported in DICOM format for analysis 
by locally developed software written using the Matlab programming language.  This 
tool performed the same function as the Elekta tool except portal images of the Penta-
Guide phantom were used instead of the BB phantom.  Details of the analysis performed 
by this software tool follow. 
3.3.3.1 MV radiation field centre localisation 
First the radiation field centre was located for each of the eight portal images by 
calculating the geometric centre of the 12cm square radiation field which is defined by 
its radiation field edges (Figure 6).  To locate the field edges, first a Canny edge 
detection [182] was used to extract all edges in the image (bottom right hand corner of 
Figure 6).  The Canny edge detection located noise in the image as well as the field 
edges.  To locate pixels corresponding to the field edge a binary mask was applied 
which contained all values between an upper and lower intensity threshold.  These limits 
were chosen by first finding the two peaks in the image histogram corresponding to 
pixels that were either inside or outside the radiation field.  Only voxels with intensities 
between 25% and 75% of the voxel intensity range between the two peaks were selected 
(Figure 7).  The 25% and 75% lower and upper limits were determined empirically.  
The binary mask was used to select only the edge pixels, located using the Canny edge 
filter, that related to the radiation field edge (grey region adjacent to Canny edge 
detection pixels in bottom right hand corner of Figure 6). 
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Figure 6. MV portal image of the Penta-Guide phantom zoomed in on the radiation 
field. Regions encompassing each of the air-cavities have been augmented 
by rescaling the image data.  The lower right corner of the image has been 
replaced with a combination of the edge data extracted using the Canny edge 
filter (white) and the field edge mask (grey).  The positions of the field 
edges determined by the Hough transform (dashed lines), field corners ('□') 
and field centre ('*') are also shown as well as the centre of the air cavity 
('o').   
To determine the equations of the four straight lines corresponding to each field 
edge, first a linear Hough transform [183,184] was applied to the image of radiation 
field edge pixels.  The Hough image was produced by transforming the pixel 
coordinates (x,y) of all edge pixels in the real space image into a straight line defined by 
Equation 3 (Figure 8).  The Hough image is a discretisation of (ρ,θ) space.  In this case 
the interval between pixels along ρ was 0.25mm, the size of each pixel in the real space 
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image and the interval between θ was 0.25°.  A count was added to all pixels in the 
Hough image which intersect the straight line and this was repeated for all edge pixels in 
the real space image. 
θθρ sin.ycos.x +=  Equation 3 
Since the edge pixels along the four field edges form a near straight line, the 
Hough image contains four strong peaks.  The four peaks are located by first finding the 
brightest pixel, which is the location of the first peak.  A region around the first peak is 
set to zero and the next highest peak located.  This is repeated until all four peaks have 
been located. 
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Figure 7. Frequency distribution of the pixel intensity values in the MV portal 
image.The lower and upper peaks correspond to pixels within the radiation 
field and outside the radiation field respectively.  The grey shaded area 
indicates the lower and upper thresholds used to create a mask of pixels 
adjacent to the field edge. 
 
The intersection of each pair of lines is then calculated by first sorting the four 
values of ρ and θ so that they correspond to adjacent lines i.e. upper, right, lower and 
left.  The x and y coordinates of the corners (Figure 6) are then calculated using 
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Equation 4 where i and j are used in the order given.  The x and y location of the 
radiation field centre is calculated by averaging the four xi and yi corner coordinates. 
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The intersection of the beam axis on the MV flat panel imager for each gantry 
angle was calculated by averaging the radiation field centres located on the 
corresponding pair of images with opposing head angles (Figure 5. ). 
 
θ
ρ
x
y
 
Figure 8. Illustration of the linear Hough transform. Shows the angle θ, between the 
straight line and the x-axis and the distance ρ, which is the shortest distance 
between the straight line and the origin. 
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3.3.3.2 Penta-Guide air cavity centre localisation using MV images 
The projected centre of the air cavity on each image was determined by: 1) 
extracting a 64 x64 pixel sub-region centred on the image centre that contained just the 
air cavity and a small amount of the surrounding phantom, 2) applying a low pass 
convolution averaging filter with kernel, dimensions of 10 x 10 pixels, to blur the image 
and reduce high frequency noise, 3) extracting the maximum gradient using 
morphological operators, 4) applying a threshold to the maximum gradient image using 
an empirically derived level to segment only the edges relating to the air cavity and not 
the projection of the rings on the phantom surface and 5) locating the centre of the circle 
that best fits the resulting image.  This last step was performed using an unconstrained 
multivariate derivative free simplex search routine [185] to maximise the sum of all 
pixel values in the thresholded maximum gradient image that are located under the 
circle.  Figure 9 shows both the original (a) and maximum gradient images (b) with the 
located circle superimposed. 
The projected centre of the air cavity was calculated for all eight images.  For each 
gantry angle the air cavity centres located on the two images with opposing head angles 
were averaged. 
3.3.3.3 Back projection 
A nominal origin was constructed assuming the centre of the imager back-
projected to the isocentric plane for all gantry angles to a single point.  The intersections 
of the beam axes, relative to the centre of the image, for all gantry angles, were back-
projected to the isocentric plane and the average of these coordinates defined the MV 
isocentre in 3D.  Similarly the centres of the air cavities were back-projected to define 
the 3D coordinate of the centre of the air-cavity in the Penta-Guide phantom.  The MV 
isocentre to air-cavity centre distance was given by the difference between these two 3D 
coordinates.  For the purpose of comparing the localisation of the MV isocentre with the 
  
95 
Elekta software both the MV isocentre location and the MV isocentre to air-cavity 
centre distance were reported separately. 
 
 
Figure 9. MV portal image of air-cavity in Penta-Guide phantom. a) zoomed in section 
of a MV portal image of air-cavity in Penta-Guide phantom and b) 
corresponding unthresholded maximum gradient image.  Both images show 
the position of the circle template and its centre found from gradient based 
optimisation. 
3.3.3.4 XVI centre to air-cavity centre alignment using the Penta-Guide phantom 
To determine the relative position of the CBCT image centre and the air-cavity the 
Penta-Guide phantom was first scanned using a Siemens Sensation 40 Open CT scanner 
(Siemens Medical Solutions, Erlangen, Germany) with 0.6mm slice thickness and 
0.5mm in-plane pixel size.  This was sent to the Xio treatment planning system (Elekta 
AB, Stockholm, Sweden) where the air cavity was contoured using a simple threshold 
technique.  An isocentre was placed at the geometric centre of the air-cavity structure 
using an option within Xio and a single beam set to the isocentre for the purpose of 
sending to Synergy®.  A CBCT scan was performed with the Penta-Guide phantom in 
the same position as in section 3.3.3, and reconstructed with a voxel size of (0.5mm)3 
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before it was manually registered with the CT scan, using the XVI application tools.  
This gave the relative shift between CBCT image centre and air-cavity centre. 
Finally, the CBCT-MV alignment was calculated by taking the vector difference 
between air-cavity centre to MV isocentre displacement and air cavity displacement 
measured using the XVI scan. 
3.3.3.5 Repeatability, reproducibility and comparative tests 
To determine repeatability of the CBCT-MV isocentre alignment calculation five 
repeat sets of eight MV images were acquired without moving the phantom.  The 
Matlab analysis software described in section 3.3.3 was used to determine the MV 
isocentre to air-cavity alignment for each set. 
To compare both methods a reproducibility study was performed using both the 
BB with XVI analysis tool and the Penta-Guide phantom with our locally developed 
analysis tool. 
For reproducibility the CBCT-MV alignment measurement was repeated eight 
times for both the BB phantom and Penta-Guide phantom techniques.  The 
measurements were performed alternately so that the BB and Penta-Guide phantoms had 
to be re-positioned for each measurement.  This reduced the possibility of a systematic 
difference between the two sets of measurements.  The mean and standard deviation of 
the CBCT-MV alignment was calculated for both techniques and compared. 
3.3.4 Method for approximating the image sharpness from CBCT scans of 
the Penta-Guide phantom 
Misalignments of the flat panel imager with the X-ray source have different effects 
depending on whether they are parallel or perpendicular to the axis of rotation.  A lateral 
displacement parallel to the axis of rotation (V) will affect the CBCT-MV alignment 
and have minimal effect on the image sharpness while a displacement perpendicular to 
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the axis of rotation (U) will reduce the image sharpness while having minimal affect on 
CBCT-MV alignment (Figure 5. ). 
The image sharpness was measured by calculating the MTF [152] based on the 
edge response function of profiles extracted from the scan data across the interface 
between air and phantom of the central air cavity in the Penta-Guide phantom.  This is 
similar to the method used by Chen et al. [161].  The scan data was exported in DICOM 
format for analysis.  The profiles of CBCT image data were constructed from voxels 
within cones radiating from the centre of the air cavity.  The image voxel values within 
a single cone were collapsed into a single profile according to each voxels radial 
distance.  A least squares fit to the profile data of an edge response function (ESF) 
modelled on a Gaussian point spread function (PSF) was performed to determine the 
width of the PSF.  By sampling conical sections of data the sampling frequency across 
the edge of the air cavity was increased.  This enabled the pre-sampled MTF to be 
estimated even when the images were reconstructed with a (1mm)3 voxel size, the 
setting used in clinical practice.  The analysis was implemented using Matlab, details of 
which are described in the following text. 
3.3.4.1 Locating the centre of air cavity 
The image data from a 3D sub-region of the scan centred on the air cavity, was 
extracted, inverted and scaled to the range [0 to 255].  The centre position was 
calculated by taking the weighted average of the coordinates of the centre of all voxels 
with values greater than 20% (51).  The average was weighted using the scaled voxel 
intensity.  Let M be the sub-region containing the spherical air cavity with all pixels 
having a value greater than 51.  Let i, be an index to one of the voxels in the sub-region, 
M, with coordinates xi, yi and zi and voxel intensity Ii.  The coordinates of the air cavity 
centre (Cx,Cy, Cz) is given by, Equation 5. 
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The 20% threshold value was sufficient to remove the influence of a faint, 
propeller shaped, reconstruction artefact that exists, adjacent to and outside the sphere 
cavity.  These are visible in the axial view (Figure 10).  The 20% threshold was 
determined empirically. 
3.3.4.2 Extracting profiles 
Conical regions of image data about radial lines, centred on the air cavity, were 
collapsed into radial profiles (Figure 11).  First, the Cartesian coordinates (x, y, z) of the 
centre of every voxel relative to the air-cavity centre was calculated and then converted 
into spherical coordinates (r, θ, ϕ).  Image data within a conical section and oriented 
along selected radial directions were ordered in ascending values of radial distance (r).  
Radial profiles were selected at equal radial angle intervals in the axial plane e.g.  
[-15pi/16, -14pi /16, ..., 15pi/16, pi].  The opening angle of the cone was set to the same as 
the radial angle interval e.g pi/16. Two profiles, sampled from cones pointing in opposite 
directions along the rotation axis were also extracted. 
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Figure 10. Effect of CBCT panel alignment on sharpness of Penta-Guide phantom air 
cavity. Transverse (a,d), sagittal (b,e) and coronal (c,f) cuts through a CBCT 
scan of the Penta-Guide phantom, zoomed into a region about the central air 
cavity, after first inverting and normalising the grey scale.  The first row 
(a,b,c) shows the sharpest image reconstructed with a simulated imager 
displacement of -0.2mm in the U direction (fifth scan) while the second row 
(d,e,f) shows the same scan reconstructed with an imager displacement of 
+1mm. 
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Figure 11. Illustration of the spherical air-cavity and four conical sections. Conical 
sections are centred on the x and y axis of the trans-axial plane through the 
centre of the sphere.  Each voxel within the cone such as the one shown is 
collapsed onto the conical axis with radius r to create an edge response 
profile. 
 
3.3.4.3 Fitting the edge response function 
A Gaussian model was assumed to approximate the point spread function.  The 
Gaussian blurring of a rectangular edge gives the error function (Equation 6).  This was 
used as a model (Equation 7) for a least squares fit of the profile data using the simplex 
search method [185]. 
( )∫ ⋅−= r dttrerf 0 2exp2)( pi  Equation 6 
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Equation 7 
where x0, x1, x2 and x3 were the parameters of the fit, r was the radial distance 
from the origin along the collapsed cone axis and rfit was the modelled data. 
Using the theory described by Boone and Seibert [153], but not including the 
additional exponential term for scatter the MTF was described by Equation 8 from 
which the MTF50 was calculated Equation 9. 
2
22 / xf
eMTF pi−=  Equation 8 
where f is the frequency. 
( ) pi/)2ln( 21250 xMTF ⋅=
 
Equation 9 
MTF50 was defined as the frequency, at which the MTF was reduced from 1 to 0.5. 
 
Figure 12. shows an example of a collapsed cone radial profile with the error 
function fit and corresponding MTF curve. 
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Figure 12. (a) Example of a radial profile along a collapsed cone with the error function 
fit and (b) corresponding MTF curve. 
 
3.3.4.4 Repeatability of MTF50 calculation and sensitivity of MTF50 to panel 
misalignment 
The Penta-Guide phantom was scanned once on the Synergy® system and then a 
few weeks later, a further four repeat scans were taken.  Both imager and panel were 
retracted and re-deployed between scans.  Each scan was reconstructed twice with 
isotropic voxel sizes of (0.5mm)3 and (1mm)3 respectively.  The MTF50 was calculated 
for both axial and longitudinal directions using the method described in sections 2.4.1 
and 2.4.2 and with equal cone angle and radial profile angle intervals of pi/4, 
pi/8 and pi/16. 
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The sensitivity of the measurement of MTF50 to potential misalignments of the 
panel was investigated by simulation.  Each of the five CBCT scans of the Penta-Guide 
phantom were repeatedly reconstructed after adding a constant offset to the flex data in 
the U direction.  This was achieved by directly re-writing the flexmap data in the system 
database.  The offsets added to the flexmap ranged from -1mm to 1mm in 0.2mm 
intervals.  This process was repeated for all five CBCT scans of the Penta-Guide 
phantom.  Figure 10d-f shows transverse, sagittal and coronal cuts through a 
reconstruction of the Penta-Guide air cavity with a shift of 1mm.  For one scan only 
constant offsets between -1mm and 1mm in 0.2mm intervals were also added in the V 
direction.  For each reconstruction the MTF50 was calculated for radial profiles in both 
the transverse (X-Z) plane and along the rotation axis (Y). 
To compare the MTF50 measurements on the Penta-Guide phantom with the 
limiting resolution measured using the Catphan® 600, the Catphan® was also scanned 
and reconstructed with both (0.5mm)3 and (1mm)3 voxel sizes with simulated panel 
shifts between -1mm and 1mm in 0.2mm intervals.  The line pair resolution test pattern 
in the CTP528 section of the phantom was viewed and assessed to determine the 
limiting resolution for each reconstruction. 
3.4 Results 
3.4.1 CBCT-MV isocentre measurements using the Ball Bearing phantom 
The CBCT-MV isocentre alignment was found to be stable over the two year 
period during which these measurements were performed (Table 1).  The absolute 
values of the MV isocentre were not reported as they were referenced to an arbitrary 
point in space and were therefore meaningless.  However the standard deviation was 
considered to be a measure of both the MV system stability and the measurement 
method reproducibility combined.  The elevated standard deviation in the longitudinal 
direction was due to two consecutive measurements where the MV imager appeared to 
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have been shifted approximately 1mm in the longitudinal direction.  This did not affect 
the measurement of the positional difference between MV isocentre and BB position or 
the measurement of CBCT to MV isocentre alignment as both would have been shifted 
by equal amounts. 
Assuming the position of the MV isocentre was static during the period of 
measurement and that the BB was aligned with the lasers during these measurements, 
the positional difference between MV isocentre and BB position indicated a 
combination of the accuracy to which the lasers were aligned with the radiation 
isocentre and the reproducibility of aligning the phantom to the lasers.  The standard 
deviation of this measurement was better then 0.5mm in all directions.  It should be 
noted that the lasers were aligned to the mechanical isocentre at least twice during the 
measurement period and not to the radiation isocentre hence the small systematic 
difference ( < 0.5mm) between laser position and MV isocentre was expected.  The 
increased variability of this measurement may have been due to the precision with 
which the BB could be aligned to the lasers. 
The mean position of the CBCT to MV isocentre alignment was less than 0.12 mm 
in all directions for all fields of view.  The maximum standard deviation observed was 
0.27mm which occurred in the Y direction.  The maximum absolute deviation of the 
CBCT to MV isocentre was found to be 0.54mm in the longitudinal direction.   
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Table 1. MV isocentre position, difference between MV isocentre and BB position and 
difference between CBCT image centre and MV isocentre in each of the lateral 
(X), longitudinal (Y) and vertical (Z) directions.  CBCT-MV alignment is reported 
for the small, medium and large field of views (SFOV, MFOV and LFOV).  All 
results are reported as mean and (one standard deviation). 
 Lateral Longitudinal Vertical 
 X (mm) Y (mm) Z (mm) 
MV iso (N=22) - (0.11) - (0.29) - (0.17) 
MVIso – BB (N=22) 0.30 (0.37) 0.34 (0.29) 0.48 (0.43) 
SFOV: CBCT-MV iso (N=22) 0.09 (0.10) -0.06 (0.23) -0.05 (0.15) 
MFOV: CBCT-MV iso (N=22) 0.12 (0.11) -0.01 (0.27) -0.02 (0.18) 
LFOV: CBCT-MV iso (N=20) 0.04 (0.16) -0.01 (0.27) -0.07 (0.24) 
 
3.4.2 Daily check of panel position 
Over a seven month period there were a total of 73 small field of view and 74 
medium field of view daily alignment checks.  The large field of view was not checked 
because it was not used routinely during this period.  All measurements of misalignment 
were scaled back to the isocentric plane (Figure 13).  The mean [U,V] misalignments 
were [-0.4mm, -0.5mm] and [-0.5mm,-0.4mm] for the small and medium fields of view 
respectively.  There was a similar spread of results in both directions and for both fields 
of view.  The standard deviations for all four combinations were between 0.3mm and 
0.4mm and maximum deviations were as large as 1.5mm.  For the small field of view 
there was a time trend towards increased panel offset in the U direction and decreased 
offset in the V direction over the period of observation.  Regression analysis showed 
that the slope was significant (P < 0.0001) for U but not for V.  A similar trend was 
observed for the medium field of view but this time the slope was not significant for U 
and was significant for V (P < 0.0001).  Interestingly the initial offset in the small and 
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medium field of view was ≈ 0.5mm in the U.  The implications of this are discussed 
later. 
 
Figure 13. Results of daily alignment checks. Plots show measured offsets in the U and 
V directions using the custom filter (Section 3.3.2) for small and medium 
fields of view (SFOV, MFOV) plotted as a function of time.  The solid line 
represents a linear least squares fit to the data.  The slope is significant for 
(a) and (d) but not for (b) and (c). 
 
3.4.3 CBCT-MV isocentre alignment repeatability and comparative tests 
The five sets of measurements in which the Penta-Guide phantom was imaged 
without re-positioning showed the MV isocentre and air-cavity centre localisation to be 
highly repeatable.  The standard deviation of the residual errors combined for the X, Y 
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and Z directions was 0.05 mm for the MV isocentre location and 0.04mm for both the 
air-cavity and the difference between MV isocentre and air-cavity centre. 
Both the Penta-Guide and BB methods of measuring CBCT-MV isocentre 
alignment were highly reproducible with little difference between the two methods 
(Table 2).  For localisation of the MV isocentre there was little difference in the mean 
co-ordinates using the two methods.  There was also no significant difference between 
the standard deviation of the residual errors.  For the CBCT-MV alignment the largest 
difference between the two methods was 0.15mm, in the X direction, while the smallest 
was 0.02mm, in the Y (vertical) direction.  All differences were less than the size of one 
pixel (0.25 mm at the isocentric plane).  The standard deviation using the Penta-Guide 
phantom (0.15mm) was significantly larger than that observed with the Ball bearing 
(0.09mm) (F-test, P < 0.05).   
 
Table 2. Mean and standard deviation of residuals for MV isocentre and CBCT-MV 
alignment using both the ball bearing and Penta-Guide methods. 
  Mean 
  X (mm) Y (mm) Z (mm) 
σ(residual) 
(mm) 
Ball Bearing -0.23 -2.35 -0.07 0.03 
Penta-Guide -0.23 -2.31 -0.07 0.04 MV isocentre 
Difference 0.01 0.04 0.01 - 
Ball Bearing 0.26 0.06 -0.02 0.09 
Penta-Guide 0.41 0.08 0.06 0.15 CBCT-MV alignment 
Difference 0.15 0.02 0.09 - 
 
  
108 
3.4.4 MTF50 calculation from Penta-Guide Phantom 
There was a noticeable variation in MTF50 with the radial direction of the 
collapsed cone profile in the axial plane.  Figure 14 shows the MTF50 measured three 
times on the first CBCT scan with cone angle and cone spacing of pi/4, pi/8 and pi/16 
radians respectively.  The ability to resolve variations with radial angle was increased as 
the cone angle and spacing was reduced.  The variation in MTF50 was clearly periodic 
with the radial direction of the sampling.  This was attributed to low frequency shading 
artefacts observable in the axial plane (Figure 10a).  The peaks in the measured MTF50 
(~0.3 lp/mm) corresponded to the cardinal angles, (-pi/2, 0, pi/2 & pi) while the troughs 
(~0.275 lp/mm) corresponded to the diagonals.  Since this method of measuring MTF50 
was designed for the purpose of quality assurance, rather than as an absolute 
measurement of MTF50, the mean MTF50 calculated using a cone angle and spacing of 
pi/4 for all diagonal radial angles was chosen to represent the image sharpness in the 
transverse plane.  The MTF50 for the cardinal radial angles were not included in the 
mean because they exhibited an increased variability (σ=0.0046 lp/mm) compared to the 
diagonals (σ= 0.0024 lp/mm) when reconstructed at (1mm)3 voxel size.  A cone angle 
and spacing of pi/4 was found to be more robust, probably due to the increased sample 
frequency across the air cavity edge.  The mean of diagonal MTF50 measurements, 
denoted by 'MTF50(trans)' in this work, was used to represent the MTF50 in the 
transaxial (X-Z) plane of the CBCT scan. 
The MTF50(trans) for the five CBCT scans of the Penta-Guide phantom was very 
reproducible with a mean value of 0.278 lp/mm and a maximum deviation from the 
mean of 0.004 lp/mm. 
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Figure 14. MTF50 calculated for radial angles in the central axial plane of a CBCT scan 
of the Penta-Guide phantom using the edge response function of the air 
cavity. It shows the cyclical variation in the MTF50 with radial angle.  The 
calculation was performed with three sets of cone angle and cone spacings 
of pi/4, pi/8 and pi/16 radians.  The lowest cone angle/spacing is better able to 
resolve the radial; variation in MTF50. All scans were reconstructed with 
(1mm)3 voxel size. 
For each of the five CBCT scans of the Penta-Guide phantom, reconstructed with 
a (1mm)3 voxel size, a well defined peak in MTF50(trans) was observed for 
reconstructions with simulated displacements of the imager in the U direction (Figure 
15).  Three of the CBCT scans showed peaks with no displacement, while the other two 
showed peaks with displacements of -0.2 mm (scan 5) and 0.4 mm (scan 1) respectively.  
An offset in the panel position of 1.0 mm from the optimum reduced the MTF50 by 
~11%.  The maximum difference observed between measurements of MTF50(trans) 
performed on reconstructions with (1mm)3 voxel size when compared to (0.5mm)3 was 
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6x10-4 (0.25%).  Scan 5 ('Penta-Guide (5)' in the legend of Figure 15) was performed a 
few weeks earlier than the rest which were performed in the same session.  The peak 
was offset by only 0.2mm from zero but there was a clear overall displacement of the 
curve of about 0.5mm from scans 1-4.  The reproducibility of the curves calculated from 
the four CBCT scans acquired in one session appeared to be much better than scans 
acquired on different days suggesting reproducibility of panel position is better in the 
short term rather than over longer periods.   
The 95% confidence interval on the peak value was [0.27 lp/mm, 0.28 lp/mm].  
This was used to test all MTF50(trans) measurements with simulated displacements to 
determine if they were significantly different from the peak value and therefore 
determine the sensitivity of the test to misalignment of the imager.  None of the zero 
displacement values were significantly different from the peak value while panel 
displacements of greater than 0.4mm from the peak value produced MTF50 values that 
were significantly different from the peak. 
The number of resolved Catphan® line pairs peaked at eight when the scan was 
reconstructed at a voxel size of (0.5mm)3 (Figure 15) with limiting resolution falling to 
2 lp/cm with a simulated displacement of -1mm.  The position of the peak value 
(+0.2mm) and shape of the curve corresponded closely to scans 1-4 of the Penta-Guide 
phantom.  Given the shape of the curve it is likely that panel misalignments of 0.4mm 
might be detectable with this method.  However, this will depend on the reproducibility 
of the measurement (not measured).  At the larger voxel size the Catphan® was unable 
to discriminate small offsets of the imager with the maximum limiting resolution 
somewhere between 3 and 4 lp/cm. 
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Figure 15. Variation of MTF50 measured in the axial plane on repeat scans 1-5 of the 
Penta-Guide phantom (Penta-Guide (1-5) in legend).  CBCT scans were 
reconstructed at (1mm)3 voxel size and with simulated systematic shifts of 
the flat panel imager in the U direction (dashed lines).  A displacement of 
0.4mm is detectable given the reproducibility of the measurement.  Also 
shown is the limiting resolution of the Catphan® line pair test object (thick 
solid line) observed on reconstructions with the same simulated imager 
offsets.   
The 'MTF50(long)', the mean of the two MTF50 measurements calculated in 
opposite directions along the axis of rotation, was found to be 0.31 lp/mm at (0.5mm)3 
voxel size and 0.32 lp/mm at (1mm)3 voxel size.  There was a small effect on image 
sharpness in the longitudinal direction when the panel was displaced in the U direction 
(Figure 16).  The MTF50(long) for the larger voxel size (Figure 16) was noticeably 
more noisy than for the smaller voxel size.   
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Figure 16. Variation of MTF50 measured along the longitudinal axis on repeat scans 1-5 
of the Penta-Guide phantom (Penta-Guide (1-5) in legend).  Scans were 
reconstructed with simulated systematic shifts of the flat panel imager in the 
U direction (dashed lines).This is shown for both a) (0.5 mm)3 voxel size 
and b) (1 mm)3 voxel size. 
 
For simulated offsets in the V direction (parallel to the axis of rotation) the MTF50 
remained constant in both transaxial and longitudinal directions showing maximum 
deviations of 1.1% and 3.6% from their individual means, respectively.  The increased 
range of MTF50(long) measurements indicated an expected increase in noise in the 
measurement because only two directions were sampled instead of the four used to 
calculate MTF50(trans). 
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As expected an offset of the panel in the V direction had no effect on the 
horizontal and vertical coordinates of the air-cavity centre and a one-to-one linear 
relationship with the longitudinal co-ordinate.  Offset in the U direction showed no 
effect on the co-ordinates of the air-cavity centre. 
3.5 Discussion 
The review of CBCT to MV isocentre alignment measurements showed the 
Synergy® system to be stable (σ < 0.3mm) with a systematic error less than 0.2mm in 
all directions over a two year period.  This compared with (0.5 ± 0.5)mm reported by 
Sharpe et al. [61] and a similar figure reported by Lehmann et al. [60].  The stability of 
the system suggests an accurate measurement may not be required on a daily basis as 
long as there is an alternative daily check, such as that described in this work, to detect 
any significant errors, for example those greater than 2 mm.   
The results of the daily panel alignment check were more difficult to interpret.  In 
the longitudinal direction (V) the spread of results was similar to that observed in the 
CBCT to MV isocentre alignment check.  On closer examination the drift observed in 
the V direction of the medium field of view was also reflected in the CBCT to MV 
isocentre alignment although with a reduced rate of change.  It had previously been 
suspected that the daily panel alignment check was introducing a measurement error, 
significantly larger than that for the CBCT to MV isocentre alignment test, leading to an 
apparent increased variability.  However our observations suggest that this was not the 
case. 
In the U direction a similar spread of results was expected in both panel alignment 
(σ=0.4mm) and the position of the peak in the Penta-Guide image sharpness test 
(σ=0.2mm).  It was impossible to determine if this difference was a real effect, given the 
low number of results obtained with the Penta-Guide phantom.  If the spread in daily 
check results truly represented an offset in panel position, then a reduction in MTF50 of 
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up to 15% would have been expected and the limiting resolution measured with the 
Catphan® would have been reduced to 4 lp/cm.  However, a limiting resolution less 
than seven was not observed in any of our measurements with the Catphan®.  This 
indicated that reproducibility of the panel position may have been better than the daily 
alignment check suggested. 
The methods presented in section 3.3.3 demonstrate that the Penta-Guide phantom 
can be used to test CBCT to MV isocentre alignment with a level of accuracy sufficient 
to detect CBCT-MV misalignments of less than 1mm.  A small systematic difference in 
the means in the lateral alignment was observed between measurements made with the 
BB compared to those made with the Penta-Guide.  While this difference was small and 
not clinically significant, we were unable to determine its source.  The close agreement 
between our location of the MV isocentre with that measured with the BB and XVI 
software coupled with the symmetrical nature in our method of locating the field edges 
and thus field centre gave us confidence in the accuracy of our measurements.  Likewise 
visual assessment of the automatically located centre of the projected air-cavity on each 
of the MV images showed that it was accurate.  Another possible source of error was the 
placement of the isocentre in the treatment plan for the Penta-Guide phantom used as a 
reference for image matching which could have been eliminated by use of a synthesised 
digital image with known treatment centre.   
The slightly increased variability in the measurements using the Penta-Guide 
phantom could not be explained.  The use of a larger sphere should have, in theory 
reduced the error due to the finite voxel size both for locating the centre in MV images 
and when performing image registration with the reference CT scan.  There were also 
fewer artefacts in reconstruction of the air-cavity compared to the BB which should also 
have facilitated good image matching.  It was possible that low frequency gradients 
across the MV images may have had a greater influence on the automatic location of the 
air cavity centre than when locating the BB centre.   
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The use of eight portal images to determine the MV isocentre to phantom position 
was more accurate than using images from only 2 gantry angles.  Measurement of the 
MV isocentre acquired in section 3.3.3 using just 2 images with a diaphragm angle of 0° 
showed a systematic difference of 1.3 mm, 0.2 mm and 0.8mm in the horizontal, 
longitudinal and vertical directions respectively.  There was also a 30% increase in the 
standard deviation of the horizontal and vertical measurements.  This simulation did not 
take into account the subjectivity of the process of image matching the DRR and MV 
images of the Penta-Guide phantom that may further increase the variability of the 
measurement.   
It takes longer to acquire eight portal images rather than the two images, required 
if the manufacturer’s instructions for using the Penta-Guide phantom are followed.  
However, the increase in time will be at least partially offset by the speed with which 
the images can be analysed by the locally developed analysis tool ( < 1min) when 
compared to the 2D image-matching process.   
The spherical air-cavity in the Penta-Guide phantom provided a step edge from 
which the edge response function was determined in all radial directions from the centre 
of the air-cavity.  A similar method of measuring the MTF was employed by Chen and 
Ning using cone beam CT images of a plastic ball [161].  In their implementation only 
1D profiles along the cardinal axis were sampled with additional 1D profiles at other 
orientations for robustness.  Our collapsed cone method had the advantage of increasing 
the sample frequency across the field edge thereby increasing the robustness of the error 
function fit.  As with Chen and Ning, a Gaussian blurring model was assumed for the 
point spread function of the cone beam CT system.  Boone and Seibert [153] suggested 
the addition of an exponential term to account for scatter effects in 2D projection images 
but this was not necessary for the 3D reconstructed data in this application.  As 
discussed in section 2.5.1, estimating the MTF from a large sphere makes the 
assumption the MTF is space invariant.  This is not strictly correct as discussed and 
demonstrated by Schwarzband and Kiryati [186] for spiral FBCT and CBCT systems.  
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In fact the MTF may also not be isotropic in the axial plane i.e. the same in all radial 
directions.  However, in this work the purpose of the measurement is to determine a 
measure of consistency rather than an absolute measurement of MTF.  For this reason 
the Gaussian was used to estimate the PSF and from this provide an estimate of the 
MTF as shown in Figure 12. 
Published data on the limiting resolution of the Synergy® system using the 
Catphan® found that a maximum of 9 lp/cm were resolvable [60].  In our experience 9 
lp/cm was only ever observed once for a small field of view, immediately after system 
calibration and that 7 lp/cm is more typical. We also found early on in the 
commissioning of two Synergy® systems that the addition of 0.5mm to the flexmap was 
necessary, in the U direction, to counteract a systematic offset and increase the limiting 
resolution from 3 lp/cm to 7 lp/cm.  This was also reflected in the 0.5mm offset in the 
daily imager alignment check.  In this work all measurements were performed for small 
field of view.  The effect of panel position on image blurring for medium and large field 
of view is the subject of further investigation. 
The daily panel alignment check showed a noticeable drift over a seven month 
period.  This suggests that image sharpness should be measured at a monthly frequency 
if such shifts are real and are to be detected.  One advantage of using the Penta-Guide 
phantom over the Catphan® to measure image sharpness is that the method can be 
performed on the same scan as used to measure CBCT to MV isocentre alignment.   
If the Penta-Guide phantom method of measuring image sharpness is used then the 
CBCT image does not have to be reconstructed at (0.5 mm)3 resolution whereas the 
Catphan® requires a high resolution reconstruction in order to detect loss of image 
sharpness due to X-ray tube to panel misalignment.  If it could also be shown that CBCT 
scans of the Penta-Guide, reconstructed at (1 mm)3 voxel size, are also sufficient for 
CBCT to MV alignment measurement i.e. accuracy or precision is not affected by 
increased voxel size, then the estimated total time saving to check the small, medium 
and large fields of view would be at least 10 minutes.  This is entirely due to the 
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increased reconstruction time for the smaller voxel size.  There will be increased partial 
volume effects for the (1 mm)3 voxel size reconstruction, compared to the (0.5 mm)3 
voxel size.  However, this is not expected to affect the precision of the CBCT-MV 
alignment measurement due to the relatively large number of voxels that define the 
surface of the air-cavity in the Penta-Guide phantom.  This is the subject of further 
investigation with the aim of replacing the existing monthly check of CBCT to MV 
isocentre alignment using the BB with the Penta-Guide phantom reconstructed with a 
(1mm)3 voxel size. 
The methods described here have been applied to measurements of CBCT to MV 
isocentre alignment and image sharpness on the Elekta Synergy® system but could also 
be applied to other kV-CBCT based IGRT systems integrated into a linac. 
The CBCT-MV isocentre alignment errors had small systematic alignment errors 
and a small random component.  Since the measurements were performed on a monthly 
frequency it was not possible to determine whether the variation on a daily basis would 
have been the same and hence whether there would have been an increased systematic 
component over short periods of time.  Either way both systematic and random CBCT-
MV isocentre alignment error components were small relative to the other systematic 
and random errors in the IGRT process e.g. systematic GTV and CTV delineation errors 
[21] or random image registration (Chapters 6 & 7) and intra-fraction motion errors.  
Since both systematic and random components of image registration error are added in 
quadrature their effect on the overall treatment margin will be negligible.   
3.6 Conclusions and Future Work 
3.6.1 Conclusion 
A review of CBCT-MV isocentre alignment measurements performed using a steel 
ball bearing and commercial analysis software (Synergy® XVI, Elekta AB, Stockholm 
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Sweden) within a two year period were reviewed showing that alignment was accurate 
to 0.2mm and reproducible with a standard deviation of 0.3mm. 
A review of 2D kV panel position measurements indicated that the reproducibility 
of the measurement was not adequate to ensure alignment within 1mm.  Investigation of 
outliers showed misalignments of 1.5mm which were not demonstrated in 
corresponding measurements of CBCT-MV isocentre alignment and image sharpness.   
The methods for measuring CBCT-MV isocentre alignment with the Penta-Guide 
phantom were shown to be equivalent to the previous method with a ball bearing.  
Measurement of CBCT-MV isocentre alignment with the Penta-Guide phantom has the 
potential to be implemented on any integrated kV-CBCT based IGRT system making it 
manufacturer independent.  A measurement of image sharpness can also be performed 
using the CBCT images acquired of the Penta-Guide phantom during the CBCT-MV 
alignment measurement.  The image sharpness measurements are able to infer kV-MV 
panel misalignments greater than 0.4mm.  The combined CBCT-MV alignment and 
image sharpness measurements could significantly reduce the time required to perform 
these measurements as part of a programme of quality control checks to ensure safe use 
of these systems. 
3.6.2 Future Work 
The measurements of CBCT-MV alignment and image sharpness using the Penta-
Guide phantom need to be performed regularly over an extended period, with a 
frequency of at least once per week, in order to ensure the test method is both feasible 
and adequate to ensure that the CBCT-MV alignment is within 1mm as recommended in 
the AAPM task group 142 report [8]. 
The Penta-Guide phantom has four other air-cavities besides the central air-cavity 
that can be used to check for rotation and scaling errors of the cone beam CT during 
registration with the reference CT scan.  These cavities are slightly smaller (8mm) than 
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the central cavity (12mm) but there is no reason why our method of measuring image 
sharpness could not also be applied to these cavities.  This would enable the image 
sharpness to be monitored away from the centre.  A systematic rotational error (skew) in 
the alignment of the panel would lead to a deterioration in image sharpness with 
increasing radius [67].  Variation in panel skew with gantry angle will also have a 
degrading effect on image sharpness which might be detectable by this method although 
we envisage this measurement would be performed as a quality control check rather 
than a full system calibration [63].  An additional benefit of performing this analysis on 
all five holes would be the automatic location of each of the holes' centres.  These could 
be used to provide accurate information on both the translation and rotation components 
of alignment of the CBCT scan relative to the reference scan.  This would be used in 
addition to the manual alignment and would allow the operator to concentrate on the 
translation component, thus saving time. 
The Penta-Guide has appropriate markings so that it can be used to perform other 
checks of linac performance, normally performed on a daily basis e.g. deviation of 
cross-wire with collimator rotation, room laser alignment to MV isocentre, accuracy of 
light field collimation and optical distance meter accuracy.  Use of the QUASAR™ 
Penta-Guide phantom for these measurements would remove the requirement for a 
separate test jig.  The feasibility of integrating the CBCT-MV alignment and image 
sharpness with the above linac checks using the QUASAR™ Penta-Guide phantom 
should be investigated.  A significant time saving could be realised if these tests were all 
performed with the QUASAR™ Penta-Guide phantom.  This would increase the 
availability of the linac for clinical use and enable more patients to be treated per day. 
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Chapter 4  
Target Registration Error 
4.1 Introduction 
Image registration as discussed in Chapter 2 is essential in the process of image 
guided radiotherapy.  It is through image registration that the rigid body transform 
between a reference FBCT scan i.e. the image used for preparation of the treatment plan 
and a localisation CBCT scan i.e. the image of the patient immediately prior to 
treatment can be determined.  It is this rigid body transform that can be used to correct 
the patient position before commencing treatment.  Whether the image registration is 
performed manually or automatically there is likely to be an image registration error.  In 
chapter 2 studies of the geometric accuracy of rigid body image registration were 
reviewed.  In these studies several metrics of image registration error were used.  These 
included, the mean distance between corresponding landmarks used to assess accuracy 
[126,136,138,140,144], the root mean squared distance of the corners of the box that 
bounds a region of interest [124], the mean distance of points segmented for the purpose 
of the Chamfer matching algorithm [111] and the standard deviation of the rigid body 
transform parameters [139].  The use of landmarks is limited to cases where landmarks 
are relatively easy to identify and is limited by the accuracy with which the landmarks 
can be located.  The use of a metric derived from a region of interest is only suitable 
where the region of interest is relevant and is therefore case specific.  In many studies 
the test images are used to derive general conclusions about a population and the regions 
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of interest for such a population may have a wide variety of sizes.  The last metric type 
requires access to the points segmented during registration and is therefore not suitable 
for studies which do not have access to the image registration algorithm. 
In chapters 5, 6 & 7, residual image registration errors are expressed as rigid body 
transforms using unit dual quaternions which have six dof.  In chapter 5, unit dual 
quaternions are also used to analyse rigid body positional errors of a treatment couch 
capable of correcting with six dof.  To simplify the analysis and visualisation of this 
data a single metric of performance was required i.e. a method of reducing the six 
parameters of a rigid body transform into a meaningful single parameter.  A single 
metric of performance was essential for Chapter 8, in which the metric was used to train 
a Bayesian Network classifier to distinguish good image registrations from poor ones 
and thereby provide user feedback on the likelihood of an image registration being 
successful. 
4.2 Target registration error calculated from mean displacement of 
points on sphere 
An image registration error can be defined as the rigid body transform that 
transforms between the measured rigid body transform and the true rigid body 
transform.  The distance between any two corresponding points in the two images due to 
the registration error is spatially variant.  In fact, when there is a small rotation error, 
then there exists a point in space where there is zero error and the error increases 
radially from this point in the plane perpendicular to the axis of rotation.  (Any rotation 
specified by three separate rotations about three orthogonal axis can also be described as 
a single rotation about another axis).  Target registration error is commonly defined as 
the distance between two corresponding points in the two images due to the image 
registration error or either the maximum or average distance errors for two sets of 
corresponding points. 
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In this work the target registration error (TRE50) is defined as the root mean square 
distance translated by all points on the surface of a sphere of radius 50mm centred on 
the isocentre.  In practice this was calculated by triangulating the surface of the sphere 
into 642 equi-spaced vertices (Figure 17).  The distance moved by each vertex on the 
sphere surface upon application of the image registration error is then calculated.  The 
TRE50 was defined as the mean of these distances.   
4.3 Discussion 
The measure is relevant to image guided radiotherapy since the isocentre of the 
machine origin of the CBCT image is typically the point about which corrections are 
made.  In the case when radiotherapy is delivered with a uniform dose to the target 
image registration accuracy is most important at the surface of the target.  Image 
registration accuracy is also important at neighbouring organs at risk which are near to 
high dose gradients that, given an error in patient-setup, caused by inaccurate image 
registration, could lead to the organ receiving a dose higher than can be tolerated.  These 
factors need to be considered when choosing the radius of the sphere.  In the brain, for 
which the image registration study in chapter 5 concentrates, the radius of the sphere 
was chosen to be 50 mm.  The diameter of the human skull is typically between 150 mm 
and 200 mm.  A 50mm radius is therefore likely to encompass most target volumes and 
some organs at risk such as optic chiasm.   
It is debatable whether the root mean square or the maximum error on the surface 
of the sphere is the most meaningful measure.  The TRE calculated using the maximum 
error (TRE50,max) is less computationally expensive and can be calculated exactly by 
decomposing the rotation and translation parameters into components that are 
perpendicular and parallel to the axis of rotation as illustrated in Figure 17. For an 
individual image registration, the maximum value might indeed be more relevant, 
particularly if it coincides with an anatomical point of concern.  However the image 
registration error is not normally known a priori and therefore a statistical average is 
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more meaningful.  In chapters 6 and 7 image registration errors are measured over a 
population of patients and/or image registrations and so a meaningful measure is one 
that gives the probability of an error for an individual case.  For this reason the mean 
registration error distance on the surface of the sphere was chosen. 
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T║
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Figure 17. Illustration of sphere triangulated into 643 equi-spaced vertices and 
calculation of TRE50,max. 
In this thesis image registration errors are all calculated with a correction point of 
the treatment isocentre.  In radiotherapy treatments the isocentre is typically at the 
geometric centre of the target volume hence choosing the correction point to be at the 
isocentre helps to minimise errors, particularly when un-correctable rotational 
misalignments of the target volume exist.  However, in some cases the isocentre is 
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deliberately placed away from the target volume.  A good example of this is for lung 
treatments where tumours may be offset from the centre of the patient.  If the patient is 
positioned such that the centre of the tumour is at the isocentre then the patient will be 
considerably offset relative to the machine.  This can make rotation of the gantry around 
the patient and the ability to treat with some beam directions difficult.  For these cases 
the isocentre may be placed on the patient mid-line and the correction point for image 
registration at the centre of the tumour.  The TRE50 should be calculated as normal with 
the error transform calculated based on the correction centre. 
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Chapter 5  
Measurement of automatic patient support 
movement accuracy 
5.1 Introduction 
In chapter 2 the geometric uncertainties of image guidance are separated into three 
distinct components; (1) image acquisition and reconstruction, (2) image registration 
and (3) correction of the patient position.  In this chapter the uncertainties of patient 
correction using automatic couch positioning systems are quantified.  The principal aim 
of this work is to determine if the uncertainties are negligible compared to the other 
uncertainties in image guided radiotherapy. 
Automatic couch positioning systems are designed to move the patient into the 
correct position following guidance from the imaging system i.e. image registration of a 
localisation image with a reference image.  The couch may be capable of correcting only 
translations e.g, the standard couch provided with the Synergy® system or both 
translations and rotations e.g. the Hexapod® evo system.  It is important to understand 
the limitations in performance of these complex systems e.g. accuracy and 
reproducibility.  Inaccurate couch positioning will lead to misalignment of the patient 
and therefore geographic miss of the treatment beam.  If significant, the geometric 
uncertainties introduced by using the equipment should be factored into CTV-PTV 
margins at the treatment planning stage.  It is also important to have efficient means of 
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checking the system performance before clinical use after servicing or system upgrade.  
The inclusion of rotational correction with the Hexapod® evo system increases the 
complexity of the methods required to measure system performance and new methods 
are required. 
Measurements of couch positioning accuracy of the Hexapod system has been 
published previously by Meyer et al. [74].  In their method they verified couch 
translations and rotations by setting a skull phantom to a reference position and then 
driving it to a randomly sampled position.  A second CBCT was acquired and image 
registration performed against an FBCT of the phantom in its reference position to 
verify its position.  The measurement of the couch position contains error components 
due to the Hexapod's control system in positioning the couch as instructed and any error 
inherent in the image acquisition and image registration used to measure the position. 
To measure the relative couch positioning accuracy of a robotic couch with six 
dof, a novel method was developed and tested.  The method was designed to assess the 
accuracy of couch movements relative to an initial position and not to calibrate the 
accuracy of that initial position, which is addressed in chapter 3.  It was also developed 
to reduce the effect of image registration errors from the uncertainties of the couch 
positioning system.  This is a potential limitation of previously published methods [74]. 
A novel method was developed to quantify the positional uncertainties of the 
Hexapod® evo system treatment couch as part of the commissioning process at SJIO, 
prior to introducing the system into clinical practice.  It utilised the Synergy® CBCT 
system to provide both the image guidance to direct the robotic couch and to verify the 
position of the phantom.  Couch positioning accuracy was measured for the Hexapod® 
evo couch with its six dof and also for the standard Synergy® couch with translation 
correction only for comparison.  From here on the two automatic couch systems will be 
referred to as 'Synergy®' and 'Hexapod'.  The Hexapod system was installed on two 
Synergy® systems known locally as 'LA1' and 'LA2' and both systems were evaluated 
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and compared using the methods presented here.  In principle, the methods developed 
here can be used on any image guidance system. 
5.2 Materials and Methods 
The basis of the methods presented here is to take a phantom with well defined 
geometry and position it accurately to an initial, reference, position using an image 
guidance system.  The results of image registration with a reference image which has 
been transformed with a pre-defined rigid body transformation, is used to drive the 
couch to a new position.  The phantom is then imaged again to verify the new phantom 
position and to perform image registration with a second transformed reference image.  
The results of this second image registration are used to drive the couch to the next 
position.  This is repeated several times and at each new phantom position the imaging 
system is used to verify its position. 
Since image registration is used to verify the phantom position the uncertainties 
associated with image registration need to be reduced to minimise their contribution to 
the couch positioning error to be measured.  For this reason a phantom with high 
contrast geometric features such as the QUASAR™ Penta-Guide might seem like an 
obvious choice.  However, it is only 16 cm wide and therefore may not be suitable for 
precise measurement of rotations; objects further from the centre of the image improve 
measurement of rotation.  Also, its lack of any objects with density similar to bone 
means that the 'Elekta Chamfer' image registration algorithm cannot work.  The 
phantom used in this study was the CIRS Model 801 P-F phantom (Computerised 
Imaging Reference Systems, Inc., Norfolk, Virginia, USA) otherwise known as the 
Virtually Human Male Pelvis Phantom or VHMP.  This is a pelvis phantom made in 
one section from tissue equivalent materials to represent bone, internal organs, muscle 
and fat.  The phantom is approximately 35 cm wide which should improve the precision 
of rotation measurements and the pelvic bones enable the 'Elekta Chamfer' image 
registration algorithm to work.  Furthermore, the use of an anthropomorphic phantom is 
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closer to the clinical situation and provides additional information on image registration 
performance to compliment that of Chapters 6 & 7. 
5.2.1 Preparation of reference FBCT data 
The VHMP phantom was scanned on a Siemens Sensation Open 40 slice FBCT 
scanner at 120kV with a slice separation of 1mm and slice thickness of 1.5 mm.  Three, 
2mm diameter fiducial markers (2.3mm Beekley SPOTS, Bristol, Connecticut, USA) 
were placed on the anterior and lateral surfaces of the phantom to define the scan origin 
a further 18 markers were placed on the surface to approximately define three planes 
(Figure 18). 
Four test transforms (T1 to T4) (T=Translate only) were created by randomly 
setting each of the three translation parameters to a number sampled from a uniform 
distribution with range [-1,1] cm.  The rotation parameters were all set to zero.  This 
ensured the increment from one position to the next was always less than 2cm which 
was the maximum shift that could be achieved by remote automatic movement of the 
Synergy® systems couch.  These transforms were designed to test the positional 
accuracy of either the standard Elekta Synergy® couch or the Hexapod® evo system, 
both with translations only.   
A second set of test transforms (TR1 to TR4) (TR=Translate and Rotate) were 
created by randomly sampling a uniform distribution.  These transforms were designed 
to test the ability of the positional accuracy of the Hexapod couch with both translations 
and rotations.  Note, the Hexapod couch allowed translation shifts of up to ±30 mm with 
rotations of up to ±3°.  Translations greater than 30 mm were achieved by manual 
operation of the Elekta Synergy® couch.  In principle, there was no loss in accuracy 
when manual translation of the Elekta Synergy® couch was required as the couch need 
only be driven manually to a position close to the target after which the Hexapod couch 
provided the final correction.   
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(a) Mid Transaxial Plane 
 
(b) Coronal Plane 
 
(c) 5cm Superior Transaxial Plane 
 
(d) 5cm Inferior Transaxial Plane 
Figure 18. Sections through the FBCT scan of the VHMP phantom showing the 21 
external fiducial markers on the three trans-axial sections (a,c,d).The 
isocentre is positioned at the centre of the prostate and is indicated by the 
yellow cross and blue '*' in (a) and (b) 
The two sets of test transforms were used to transform the reference CT scan 
(RefT0) into two sets of reference scans, {RefT1, RefT2, RefT3 & RefT4} and {RefTR1, 
RefTR2, RefTR3 & RefTR4}. 
The original scan and each of the transformed scans were imported into the 
Advantage Sim™ MD application (v7.6) (GE Healthcare, Waukesha, Wisconsin, USA).  
The surface of the phantom was auto-contoured and a single beam was planned with an 
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isocentre placed at the approximate centre of the prostate.  All images, contour sets and 
treatment plans were sent to the Synergy® system for the image guidance procedure. 
5.2.2 Image guidance Procedure 
The VHMP phantom was positioned on the couch such that the reference markers 
aligned with the room lasers.  A CBCT scan was acquired and registered against the 
untransformed reference FBCT scan (RefT0) using automated image registration.  The 
image registration transform parameters were used to drive the couch so that the 
phantom was in the treatment position.  Another CBCT scan was performed to verify 
the phantom was in the reference position (PosT0) before commencing the rest of the 
procedure.  For the studies with the hexapod couch an image registration of the CBCT 
scan of the phantom in Pos0 with the first transformed reference position (RefT1) was 
performed and the six transform parameters used to move the Hexapod couch to PosT1.  
For studies with the Synergy® couch a repeat CBCT scan of the phantom in PosT0 was 
required in order to perform image registration with RefT1 and to initiate the remote 
couch move between Pos
 T0 and Pos T1.  With the phantom in the first transformed 
position (PosT1) a further CBCT scan was acquired and image registration performed 
against the second transformed reference image (RefT2) and the resultant image 
transform parameters used to drive the couch to the second transformed position PosT2.  
This procedure was repeated with RefT3 and RefT4 to drive the phantom to positions 
PosT3 and PosT4.  Finally, a CBCT scan was performed with the phantom in the fourth 
transformed position (PosT4) and image registration performed with the untransformed 
reference image (RefT0) to drive the couch to PosT5.  A last CBCT scan was performed 
to verify the phantom position and measure any residual positional errors.  Excluding 
the CBCT scan used to position the phantom to PosT0, the phantom was imaged in six 
different positions where the last position was the same as the first and those in between 
were transformations of PosT0 by either T1 to T4 or TR1 to TR4 depending on the study. 
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5.2.3 Study details 
Twelve studies were performed using this methodology.  The studies were 
performed on 'LA1' and 'LA2' and with both the Synergy® and Hexapod couches.  The 
method was also tested using the two image registration algorithms in the Synergy® 
XVI software; 'Elekta Chamfer' and 'Elekta Correlation Ratio'  To reduce the 
optimisation time of the 'Elekta Correlation Ratio' algorithm an 'Elekta Chamfer' match 
was performed first followed immediately by an 'Elekta Correlation Ratio' match.  This 
reduced the number of iterations required to find a solution and therefore the time taken 
to perform the procedure.  Details of the studies are summarised in Table 3 with further 
comments in the following sections. 
 
Table 3. Study parameters used in studies 1-12.  'LA1' and 'LA2' are the two Synergy® 
systems on which the tests were performed with either the standard Synergy® 
couch or Hexapod® evo system.  Tests were performed with either the 'Elekta 
Chamfer' (Bone) or 'Elekta Correlation Ratio' (Grey Value) algorithms.  In the last 
column T1-4 indicates that the study was performed with translations only, TR1-4 
indicates the study was performed with both translations and rotations. 
 
Study No. Linac Couch type Match method Transforms 
1 LA1 Synergy® Bone T1-4 
2 LA1 Synergy® Grey Value T1-4 
3 LA2 Synergy® Bone T1-4 
4 LA1 Hexapod Bone T1-4 
5 LA1 Hexapod Grey Value T1-4 
6 LA2 Hexapod Bone T1-4 
7 LA2 Hexapod Grey Value T1-4 
8 LA1 Hexapod Bone TR1-4 
9 LA1 Hexapod Bone TR1-4 
10 LA1 Hexapod Grey Value TR1-4 
11 LA2 Hexapod Bone TR1-4 
12 LA2 Hexapod Grey Value TR1-4 
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5.2.4 Cross registration of images  
There were eleven image registrations performed during the image guidance of the 
phantom in studies 1 and 2, shown in Figure 19 as red lines (full and dashed).  The 
Synergy® application allowed retrospective image registration of a CBCT with any of 
the other reference FBCT datasets.  This enabled a further 19 image registrations to be 
performed to complete a total of 30 possible combinations of FBCT and CBCT scans 
for each study. 
Since the transforms between the untransformed reference FBCT and the 
transformed registrations were known, the expected rigid body transform parameters for 
the image registrations between all combinations of FBCT-CBCT scan pairs could be 
calculated.  Let i (i = 0,1,....,5) be an index for each of the phantom positions 
(PosT0,...PosT5) and j (j = 0,1,...,4) be an index for the reference FBCT scans 
(RefT0,...RefT4).  The measured image registration parameters ijmˆ  were converted into 
dual quaternion notation, for each FBCTj-CBCTi scan pair.  The expected 
transforms, ijaˆ , were those used to transform the reference FBCT image.  The error 
transforms, ijeˆ , were defined as the transform between ijmˆ  and ijaˆ ,and were given by 
ijijij ame ˆˆˆ
*
=  with *ˆ ijm  being the dual conjugate of ijmˆ  
Each error transform, ijeˆ , e.g. between FBCT at RefTi and CBCT for PosTj, 
represented the combination of the true phantom position error and the error due to the 
image registration used to measure its position against the reference scan.  From here on 
this will be referred to as the raw error.  By repeating the measurement of the position of 
the phantom with several reference images of different but known displacements the 
uncertainty in the measurement of the position can be reduced.  This assumes that the 
image registration error was random and that the systematic component of the 
registration error was minimal. The mean of all ijeˆ  for each phantom position, j was 
calculated using the dual quaternion linear blend (DLB) described in Appendix A.  This 
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will be referred to as the position error and given the symbol, jeˆ .  This enabled the 
'residual error' for each image registration to be determined using jijij eee ˆˆˆ *=δ . 
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Figure 19. Diagram illustrating the 5 reference CT scans (RefT0 to RefT4), the six 
phantom positions (PosT0 to PosT5) at which CBCT images were acquired 
and the 30 possible combinations of FBCT and CBCT scan pairs for which 
image registration was performed.  The red bold lines indicate image 
registrations used to drive the couch from one position to the next. The red 
dotted lines indicate scans used to verify phantom position.  The dotted lines 
represent additional image registrations performed to verify the position of 
the phantom.  The reference scans RefT1 to RefT4 were created by 
transforming RefT0 by T1 to T4 respectively. 
 
To assist with the interpretation of the raw, position and residual errors, each of 
which had eight parameters (six dof), a single measure of target registration error 
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(TRE50) was devised as described in Chapter 4 Briefly, the ( )ijeˆ50TRE  for the 
registration of FBCTj with CBCTi was defined as the root mean square displacement of 
a set of 643 equi-spaced points on the surface of a 50mm radius sphere centred on the 
isocentre, when transformed by the raw error ijeˆ .  Similarly, ( )jeˆ50TRE  and ( )ijeˆ50 δTRE  
were calculated from the position and residual error transforms, jeˆ  and ijeˆδ  
respectively.   
5.3 Results 
The TRE50 for the raw errors, couch positioning errors and residual errors are 
shown in Figure 20 and Figure 21 with the mean, standard deviation and maximum of 
each summarised in Table 4.  Some general observations are immediately apparent.  
Firstly, the median residual errors performed with the 'Elekta Correlation Ratio' 
matching for each group were significantly less than those performed with the 'Elekta 
Chamfer' algorithm (P < 0.05, Kruskal-Wallis non-parametric test for equal medians).  
The mean (standard deviation) of the residual TRE50 measurements were 0.07(0.03) mm 
for the 'Elekta Correlation Ratio' and 0.29(0.10) mm for the 'Elekta Chamfer'.  Since the 
positioning of a phantom was guided by an image registration the measured couch 
position included both the error in positioning the couch and the image registration 
error.  The use of the 'Elekta Correlation Ratio' algorithm reduced the residual error due 
to image registration with the effect that the standard deviation of the measured couch 
position errors also reduced.  The standard deviation dropped by 0.1mm between each 
matched pair of studies using 'Elekta Chamfer' and 'Elekta Correlation Ratio' matching 
(1 & 2, 4 & 5, 6 & 7, 8 & 9 and 11& 12).  However, the differences for all pairs were 
not significant (P < 0.05, non-parametric one sided squared ranks test for equal 
variances).  (Note, a matched pair for study 3 performed on LA2 with the Synergy® 
couch and the 'Elekta Correlation Ratio' algorithm instead of the 'Elekta Chamfer' 
algorithm was not performed because of a mechanical fault observed in study 3.  This is 
explained later (Section 5.3). The reduced residual errors of the 'Elekta Correlation 
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Ratio' match had no significant effect on the median couch positioning error (P < 0.05, 
Kruskal-Wallis).   
The mean TRE50 for the couch positioning errors appeared to be larger for the 
Hexapod couch top when rotations were included as well as translations.  In studies 10 
& 12, which included rotations, the mean couch positioning errors were 0.6 mm and 0.4 
mm performed on 'LA1' & 'LA2' respectively whereas for studies 5 & 7, which used 
only translations, the mean couch positioning errors were 0.4 mm and 0.1 mm.  
However, these differences proved not to be significant (P < 0.05, Kruskal-Wallis) 
The test identified a technical problem with the control system of the Synergy® 
couch on 'LA2'.  During the image guidance procedure it was noticed that the control 
system did not efficiently reach the desired position.  This was confirmed by the two 
couch positions error measurements with TRE50 of 1.5mm and 2.1mm.  The median 
couch position errors on 'LA1' with the Synergy® couch were not shown to be 
statistically significantly different from those performed with the Hexapod couch, with 
or without rotations, (P< 0.05). 
When the median couch position error of the Hexapod couch on the two Synergy® 
systems 'LA1' and 'LA2' were compared i.e. studies 5 & 7 with translation only and 
studies 10 and 12 with rotations, there was a suggestion that LA2's Hexapod couch was 
more accurate.  However this proved not to be statistically significant (P < 0.05, 
Kruskal-Wallis). 
Study 9 was a repeat of study 8 at a later date, both performed on 'LA1' with the 
Hexapod couch and the 'Elekta Correlation Ratio' algorithm.  There was no significant 
difference between the two mean couch positioning errors showing that these 
measurements are reproducible (P < 0.05, Kriskall-Wallis). 
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Figure 20. Rigid body position/image registration errors for the six studies represented 
by TRE50  (a) for studies with translation only and (b) for studies with both 
translation and rotation.  Individual registration errors, ( )ijeˆTRE50 , for each 
position (blue dots joined by blue lines) and the TRE50 for the mean error 
(magenta ∗), 




 jeˆTRE 50
.  The red diamonds indicate the registration that 
was used to drive to the next position and the horizontal line represents the 
overall mean TRE50.Measurements were performed on two Synergy® 
systems (LA1, LA2) with both the Hexapod (H) and Synergy® (S) couches.  
Studies were performed with either the 'Elekta Chamfer' image registration 
algorithm (B) or the 'Elekta Correlation Ratio' algorithm (GV). 
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Figure 21. Residual errors having removed the mean couch positioning error for 
studies,  (a) with translation only and, (b) with both translation and rotation.  
Individual residual registration ( )ijeˆTRE50 δ  (dots joined by vertical lines), 
and the mean residual registration error for each group (cyan horizontal 
line). Measurements were performed on two Synergy® systems (LA1, LA2) 
with both the Hexapod (H) and Synergy® (S) couches.  Studies were 
performed with either the 'Elekta Chamfer' image registration algorithm (B) 
or the 'Elekta Correlation Ratio' algorithm (GV). 
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Table 4. Median, maximum and standard deviation of the TRE50 (mm) for the raw 
error, group mean error and residual error for each study. Measurements were 
performed on two Synergy® systems (LA1, LA2) with both the Hexapod (H) and 
Synergy® (S) couches.  Studies were performed with translation only (T) or with 
both translation and rotation (TR).  Studies were performed with either the 'Elekta 
Chamfer image registration algorithm (B) or the 'Elekta Correlation Ratio' 
algorithm (GV). 
 
Study number and  
description 
Statistic 
 
TRE50 
 (Raw) 
TRE50 
(Position) 
TRE50 
(Residual) 
Mean 1.1 1.0 0.4 
Std.Dev. 0.3 0.3 0.1 1 LA1,S,T,B 
Max 1.7 1.4 0.6 
Mean 0.5 0.5 0.1 
Std.Dev. 0.2 0.2 0.0 2 LA1,S,T,GV 
Max 0.9 0.9 0.2 
Mean 0.9 0.9 0.3 
Std.Dev. 0.7 0.8 0.1 3 LA2,S,T,B 
Max 2.3 2.1 0.5 
Mean 0.6 0.5 0.3 
Std.Dev. 0.2 0.2 0.1 4 LA1,H,T,B 
Max 1.1 0.7 0.6 
Mean 0.4 0.4 0.1 
Std.Dev. 0.1 0.1 0.1 5 LA1,H,T,GV 
Max 0.7 0.6 0.3 
Mean 0.3 0.2 0.2 
Std.Dev. 0.1 0.1 0.1 6 LA2,H,T,B 
Max 0.7 0.3 0.4 
Mean 0.2 0.1 0.1 
Std.Dev. 0.0 0.0 0.0 7 LA2,H,T,GV 
Max 0.2 0.2 0.2 
Mean 0.8 0.7 0.4 
Std.Dev. 0.3 0.3 0.1 8 LA1,H,TR,B 
Max 1.5 1.1 0.5 
Mean 0.7 0.6 0.4 
Std.Dev. 0.3 0.3 0.1 9 LA1,H,TR,B 
Max 1.2 1.0 0.7 
Mean 0.6 0.6 0.1 
Std.Dev. 0.2 0.2 0.0 10 LA1,H,TR,GV 
Max 0.9 0.9 0.2 
Mean 0.5 0.4 0.1 
Std.Dev. 0.2 0.3 0.1 11 LA2,H,TR,B 
Max 1.0 0.8 0.5 
Mean 0.4 0.4 0.1 
Std.Dev. 0.2 0.2 0.0 12 LA2,H,TR,GV 
Max 0.8 0.8 0.1 
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To compare the results of this work with those of Meyer et al. [74] the mean couch 
position errors had to be re-analysed using the individual residual transform parameters 
i.e. ijeˆδ converted to Synergy notation (Tx, Ty, Tz & θx, θy, θz – see Appendix A), 
instead of ( )ijeˆ50 δTRE .  The error parameters for all translations in lateral, longitudinal 
and vertical directions and all couch positions measured in a particular study were 
grouped together.  The rotation error parameters were grouped in a similar manner.  For 
each group the mean, standard deviation, maximum absolute error and accuracy (mean 
absolute error) were calculated (Table 5).   
In the results presented by Meyer there did not appear to be a logical relationship 
between measurements of translation only, rotation only and translations and rotations 
combined so all their results were combined into a single table (Table 6).  For 
comparison all results for studies presented in this work with both the 'Elekta Chamfer' 
and 'Elekta Correlation Ratio' algorithms have been combined in the same table (Table 
6).  Both sets of results are very similar with less than 0.1mm between results for 
standard deviation, maximum absolute error and accuracy. 
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Table 5. Mean, standard deviation (SD), maximum absolute (Max ABS) and mean 
absolute (Accuracy) translation and rotation error parameters for each of the 
studies.  Measurements were performed on two Synergy® systems (LA1, LA2) 
with both the Hexapod (H) and Synergy® (S) couches.  Studies were performed 
with translation only (T) or with both translation and rotation (TR).  Studies were 
performed with either the 'Elekta Chamfer' image registration algorithm (B) or the 
'Elekta Correlation Ratio' algorithm (GV). 
  1.LA1,S,T,B 2.LA1,S,T,GV 3.LA2,S,T,B 
  
Translation 
(mm) 
Rotation 
(°) 
Translation 
(mm) 
Rotation 
(°) 
Translation 
(mm) 
Rotation 
(°) 
Mean -0.06 0.30 0.00 0.00 0.20 -0.03 
SD 0.5 0.4 0.3 0.1 0.6 0.1 
Max ABS 1.3 0.9 0.8 0.2 2.0 0.1 
Mean ABS 0.4 0.4 0.3 0.1 0.4 0.0 
       
  4.LA1,H,T,B 5.LA1,H,T,GV 6.LA2,H,T,B 
  
Translation 
(mm) 
Rotation 
(°) 
Translation 
(mm) 
Rotation 
(°) 
Translation 
(mm) 
Rotation 
(°) 
Mean 0.00 -0.06 0.01 -0.03 -0.01 0.01 
SD 0.2 0.3 0.2 0.2 0.1 0.1 
Max ABS 0.5 0.8 0.5 0.5 0.3 0.3 
Accuracy 0.2 0.2 0.2 0.2 0.1 0.1 
       
       
  7.LA2,H,T,GV 8.LA1,H,TR,B 9.LA1,H,TR,B 
  
Translation 
(mm) 
Rotation 
(°) 
Translation 
(mm) 
Rotation 
(°) 
Translation 
(mm) 
Rotation 
(°) 
Mean 0.01 -0.01 -0.17 0.01 0.00 0.00 
SD 0.1 0.1 0.4 0.3 0.3 0.3 
Max ABS 0.2 0.2 0.8 0.6 0.9 0.9 
Accuracy 0.1 0.1 0.4 0.2 0.2 0.2 
       
  10.LA1,H,TR,GV 11.LA2,H,TR,B 12.LA2,H,TR,GV 
  
Translation 
(mm) 
Rotation 
(°) 
Translation 
(mm) 
Rotation 
(°) 
Translation 
(mm) 
Rotation 
(°) 
Mean 0.04 -0.01 -0.03 0.00 -0.01 -0.01 
SD 0.4 0.2 0.3 0.1 0.3 0.1 
Max ABS 0.8 0.3 0.8 0.1 0.7 0.3 
Accuracy 0.3 0.1 0.2 0.0 0.2 0.1 
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Table 6. Mean, standard deviation (SD), maximum absolute (Max ABS) and mean 
absolute (Accuracy) translation and rotation error parameters.  Error data for the 
'Elekta Chamfer' algorithm (Bone) has been combined for studies 8, 9 & 11 for 
comparison with the combined results obtained by Meyer et al [74].  Similarly, the 
error data for the 'Elekta Correlation Ratio' (Grey Value) algorithm are combined 
for studies 10 & 12 for comparison with Meyer et al. 
 
 
Bone 
(Studies 8,9 & 11) 
Bone 
(Meyer) 
Grey value 
(Studies 10 & 12) 
Grey value 
(Meyer) 
 
Trans 
(mm) 
Rot 
(°) 
Trans 
(mm) 
Rot 
(°) 
Trans 
(mm) 
Rot 
(°) 
Trans 
(mm) 
Rot 
(°) 
Mean -0.04 -0.01 0.04 -0.04 0.01 -0.02 0.06 -0.04 
SD 0.3 0.2 0.3 0.4 0.2 0.1 0.2 0.2 
Max ABS 0.9 0.9 0.9 1 0.8 0.5 0.7 1 
Accuracy 0.2 0.1 0.2 0.2 0.2 0.1 0.2 0.1 
5.4 Discussion 
In this chapter a novel technique for measuring the relative positioning accuracy of 
an automated couch position was demonstrated.  The sequential nature of re-positioning 
the phantom from one position to another provided an efficient method of exploring the 
range of automated translation and rotation couch positions achievable by the image 
guidance system.  In these studies only eight cone beam CT acquisitions and image 
registrations were required including the one used to set the phantom to the reference 
position.  Typically, this took between 30 and 45 minutes to perform depending on 
whether the 'Elekta Chamfer' or 'Elekta Correlation Ratio' image registrations algorithms 
were used.  A similar amount of time was required to perform the remaining image 
registrations to complete a set of 30.  It is not recommended that these measurements are 
performed frequently as part of a quality assurance programme for IGRT.  A quick 
check of couch positioning using a phantom such as the Penta-Guide phantom is more 
suited to this.  However, the relatively short time required to acquire a set of data makes 
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this method practicable during commissioning of the system and for repeat checks after 
essential maintenance or upgrades.  There is however a considerable overhead in the 
preparation of the transformed reference images but this only needs to be performed 
once. 
Given that the residual errors for the 'Elekta Correlation Ratio' match were so 
small there is little benefit in repeating the registrations of each CBCT with multiple 
reference images.  A single registration with the reference image that corresponds to the 
phantom position would simplify the analysis and remove the requirement to determine 
the transform that corresponds to the transform between one position and another. 
Only four transformed reference images were created for studies and these were 
selected pseudo-randomly.  The statistical power of the studies was insufficient to 
determine if some of the differences observed were real. For this reason the use of a 
greater number of couch positions would be of benefit.  The dependence on the couch 
positioning error with magnitude of rotation was not investigated and for this reason 
there may be value in exploring the available range of couch positions in a more 
systematic manner.   
The fiducial markers were placed on the phantom initially with the view of 
validating the image registration measurements of phantom position.  However, 
imperfections in the scale of the image and reconstruction of the spots made the fiducial 
registration error [187] larger than expected and hence the target registration error based 
on the fiducials also had increased uncertainty and therefore could not be used a gold 
standard for image registration.  However, the fiducial markers were useful as an 
independent means of measuring the transformations applied to the reference image. 
In the above analysis it was assumed that the image registration had only 
contributed a random component to the couch position error.  However, as shown in 
chapter 5, the systematic error was dependent on the FBCT slice width.  In this study the 
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slice width was deliberately set to 1.5mm with slices reconstructed at 1mm intervals in 
order to minimise the effect of systematic image registration errors.   
The methodology as described above does not completely eliminate the effects of 
image registration errors from couch positioning errors as each re-positioning of the 
phantom is guided by an image registration.  However, repeat registrations of a CBCT 
image with multiple reference images should increase the precision of the couch 
position estimate by reducing the effect of the image registration uncertainty.  Although, 
with only 5 repeat measurements this affect will be limited. 
A benefit of the method used by Meyer et al. [74] is that the parameters used to 
drive the couch are not based on an image registration and therefore do not contribute to 
the couch positioning error.  They will of course contribute to the measurement of the 
couch position error.  However, as shown in this study use of the 'Elekta Correlation 
Ratio' algorithm reduces this effect considerably.  The drawback of the method used by 
Meyer et al. is that to repeat a measurement they always re-positioned the phantom to 
the reference position which is an additional and time consuming step.   
The TRE50 couch position errors measured for the Hexapod® evo automatic couch 
system were all less than 1mm.  The maximum absolute translation and rotation errors 
were 0.8mm and 0.5mm respectively with standard deviations of 0.2mm and 0.1°.  
These errors appear to be random in nature although and the couch correction that is 
likely to be applied when used for correcting patient position is also likely to be random.  
For this reason the error should be added in quadrature with other random error 
components when used to calculate treatment margins.  The approximate formula for 
the CTV-PTV treatment margin is σΣ ⋅+⋅= 7.05.2M  [21,22], where Σ is the combined 
systematic error component and σ is the combined random error component.  If 
considered as the only random error in the treatment delivery process, then the increase 
in margin size will be less than 0.2mm.  When summed in quadrature with other 
treatment delivery errors such as those due to image registration uncertainty (Chapters 6 
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& 7) and intra-fraction motion, the couch positioning error will have a negligible 
contribution to the overall margin. 
5.5 Conclusion and future work 
5.5.1 Conclusions 
A novel method for measuring the accuracy of relative translation and rotation 
couch movements on an automatic couch positioning system was developed.  The 
method was used to quantify the couch positioning errors of the standard Synergy® 
couch and the Hexapod® evo couch system.  Error analysis was performed using the 
concept of target registration error.  The results obtained showed that both systems 
performed with sub-millimetre accuracy.  The typical median TRE50 couch position 
errors were between 0.5 mm and 0.7 mm for the Hexapod system with maximum 
measured TRE50 errors of 1.1mm.  The magnitude of these errors is similar to that of the 
CBCT-MV isocentre alignment measured in Chapter 3 and will have a negligible 
contribution to the overall CTV-PTV margin size. 
5.5.2 Future Work 
There is a need to implement these methods as part of a quality assurance system 
to ensure consistent performance of the couch positioning system.  Further work is 
needed to optimise the number of couch positions tested and their transforms. 
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Chapter 6  
Measurement of automatic image registration 
uncertainties for intra-cranial tumours: skull 
phantom and patient CT and CBCT images 
6.1 Introduction 
In chapter 2 three components of geometric uncertainties are highlighted.  These 
are the geometric uncertainties arising from the imaging system, the image registration 
(IR) and the process of correction.  This chapter focuses on the uncertainties of 
automatic image registration in the IGRT process. 
Typically, automatic IR tools are used as an aid to achieving a clinically acceptable 
alignment between two images.  The end result is rarely trusted due to a lack of 
evidence as to the robustness and uncertainty of automatic IR.  Consequently the 
operator will need to verify the goodness of the match and make adjustments if 
necessary.  Since the uncertainty of manual matching is also an unknown quantity and 
possibly larger than that of the automatic IR it is quite likely that the operator will make 
a manual adjustment before accepting the match as clinically acceptable.  Given 
sufficient testing of the algorithm to understand the performance limitations and IR 
uncertainties in a variety of clinical situations the need to verify the image match could 
be reduced.  This evidence will need monitoring with the aid of suitable quality 
assurance program to ensure consistency of results after software upgrades. 
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The benefit of increased trust in the image matching result of an algorithm is a 
decrease in time required to assess and verify the quality of the match.  This decrease in 
time will reduce the amount of time the patient is on the couch which will both reduce 
the likelihood of patient movement between imaging and treatment and increase the 
productivity of the department allowing more patients to be treated per day and at less 
cost. 
Currently, there is a lack of evidence on the performance of the IR algorithms 
provided in commercial systems.  In some cases the researchers who created the 
algorithms may have published results on tests performed on their version of the code 
but there is no guarantee that the commercial version will perform to that standard.  It is 
possible, but unlikely given the complexity of the problem that the algorithm has been 
comprehensively tested by the manufacturer.  Manufacturers will typically make 
statements such as the following taken from the Synergy Operators manual 'XVI R4.5 
Instructions for use.', 2010. 
 
“You must know the limits of the automatic algorithms. Automatic 
algorithms can sometimes give inaccurate results. If you accept 
registration results that are not accurate, it could cause clinical 
mistreatment.” 
and 
It is recommended that "you do a visual check of the automatic 
alignment before you accept the results. If necessary, do the automatic 
registration again, or do small manual adjustments to the registration." 
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There is therefore a need for the end user to make these measurements themselves 
if they wish to use the algorithm in safety critical IGRT procedures such as online daily 
correction of patient position prior to treatment. 
The quality of a CBCT image is going to be dependent on the effectiveness of 
calibration of each of the projection images that are used in reconstruction, the 
geometric accuracy as investigated in chapter 3, the imaging protocol used e.g. tube 
voltage, current, pulse length, number of projections, the reconstruction process 
including voxel size, reconstruction filters and scatter correction and patient dependent 
factors such as patient size, shape and the occurrence of movement during the scan.  The 
imaging protocol determines the nominal scan dose and under UK legislation [7] it is 
necessary to reduce this to a minimum level whilst ensuring image quality is acceptable.  
Since the performance of IR (both manual and automatic) is likely to be dependent on 
the imaging dose it is beneficial to study the relationship of automatic IR performance as 
a function of imaging dose. 
Image resolution is also likely to affect the accuracy and precision of IR.  While 
the capability of FBCT scanners to acquire thin slices has increased over recent years 
there has been a reluctance to reduce slice widths for radiotherapy treatment planning.  
This is due to the increased time to calculate dose on some treatment planning systems, 
the increased time to delineate target volumes and organs at risk and the requirement for 
increased storage and dependence on high performance networking.  The Synergy® 
system is set to reconstruct voxels with a cubic dimension of 1mm.  This is principally 
due to the extra time required to reconstruct smaller voxels with the current hardware.  
Investigating the dependence of IR accuracy on FBCT slice width and CBCT voxel size 
will help optimise clinical protocols and could provide commercial pressure to increase 
reconstruction speeds if higher resolution were to be required. 
In this chapter methods to evaluate the performance of IR algorithms in a 
commercial IGRT system are devised and used to study its relationship with imaging 
dose.  These measurements are performed in phantoms where the ground truth can be 
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estimated through inference and hence accuracy assessed.  Multiple registrations with 
different effective starting positions allow the repeatability or precision of the 
algorithms to be measured.  Further measurements are performed with patient images to 
determine if the precision measured with the phantom is reproduced in clinical practice.  
Measurements are focussed on intra-cranial tumours where the rigid and high contrast 
bony anatomy of the skull is used for image guidance.  Chapter 7 investigates the 
performance of IR for the prostate where the soft tissue structures require contrast 
differentiation between muscle and fat and which rotation and deformation due to the 
expansion and contraction of the rectum and bladder is present [88]. 
The uncertainty in IR of the bony anatomy automatic IR algorithm implemented in 
the Xray Volumetric Image (XVI, v3.5) software application of the Synergy® system 
was measured by misaligning the FBCT and CBCT scans with a randomly sampled 
rigid body transformation and executing an automatic IR.  This was performed many 
times for each FBCT-CBCT scan pair and the resultant rigid body transform parameters 
were compared with those applied to determine the distribution of the residual errors.  
The effect of FBCT scan slice width and CBCT scan voxel size were investigated using 
a skull phantom as well as the effect of reduced CBCT scan dose.  The uncertainty in IR 
was also measured on 21 CBCT scans taken during normal treatment of 7 patients 
having intra-cranial radiotherapy.  Additionally the choice of automatic IR algorithm 
and multiple execution of automatic IR on the residual errors were investigated on the 
patient scans.  The clipbox is an IR feature which enables the user tool to select a 
cuboidal region of the FBCT data for automatic IR whilst excluding all data outside the 
region.  The effect of registration clipbox position was also investigated with patient 
scans. 
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6.2 Materials and Methods 
Seven separate studies were performed to assess IR .performance.  The first two 
studies were performed with a skull phantom (3M, Minnesota, USA) and aimed to 
assess the effect of imaging dose and image resolution on IR accuracy, precision 
(reproducibility) and robustness (number of failures).  These were assessed by 
performing repeat IR with random initial misalignments.  For the phantom studies a 
gold standard was established under the assumption that IR with the best image quality 
would be the most accurate.  Accuracy was assessed by relating all other measurements 
to the gold standard.  Precision or reproducibility was measured by assessing the 
variation in IR error for the many repeat IR.  The target registration error (TRE50) metric 
described in Chapter 4 was used as a single parameter of merit to analyse the IR errors.  
Robustness was determined by performing repeat registration with relatively large initial 
misalignments and measuring the frequency of target registration errors greater than a 
set threshold.   
A further five studies were performed with patient FBCT and CBCT scans as 
detailed in section 6.2.3. Precision and robustness was assessed for IR of one FBCT and 
three CBCT scans per each of seven patients. 
6.2.1 Measurement of registration uncertainty 
To assess the uncertainty in the IR process CBCT scans were repeat registered 
with FBCT scans up to 200 times.  For each repeat registration the CBCT scan was first 
misaligned by re-sampling the image with a rigid body transform chosen from a set of 
pre-prepared random transforms.  Image transformation was performed using the Insight 
Image Toolkit (ITK v3.2, National Library of Medicine, US).  For a single repetition the 
CBCT image was first loaded from the database, decompressed and then transformed 
with a rigid body transformation using ITK's 'VersorRigid3DTransform' method.  This 
was specified with 3 translation vectors corresponding to the x, y and z axis while 
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rotation about the same axis was specified using ITK versor notation [103].  Tri-linear 
interpolation was used to resample the transformed image on to the original image’s 
voxel coordinates.  The image was written back to the database in compressed format 
overwriting the original image file.  Automatic IR was initiated from within the XVI 
software application.  Once completed the IR parameters were extracted from the CBCT 
system database and saved in a text file for subsequent analysis. 
To make repeat IR with 200 random misalignments per FBCT-CBCT scan pair 
feasible the XVI software application was operated automatically using a Windows 
scripting language (AutoIt v3, www.autoitscript.com).  This script executed the code to 
transform the image and then operated the user interface to perform a registration and 
finally executed the code to read registration results from the XVI database and write 
them to a file for subsequent analysis.   
The set of 200 random misalignments was created using the random number 
generator in Matlab [188].  The magnitude of the translation vector was sampled from a 
uniform distribution between 0 and 20 mm while the translation direction was randomly 
sampled over 4pi of solid angle.  Rotations were also such that the rotation versor 
magnitude was sampled from a uniform distribution with angles between 0° and 20° 
while the versor axis of rotation was randomly sampled over 4pi of solid angle.   
6.2.2 Skull phantom studies 
6.2.2.1 FBCT of skull phantom 
A skull phantom consisting of a human skull embedded in plastic was scanned 
five times in a CT simulator (Lightspeed, GE Healthcare, Waukesha, Wisconsin, USA) 
on two separate occasions.  Three surface markers were used to indicate the position of 
the lateral and overhead lasers with a fourth placed superiorly on the sagittal laser line.  
The trans-axial plane resolution was kept constant for all five scans while the slice 
widths were nominally 0.625 mm (FBCT2), 1.25 mm (FBCT3), 2.5 mm (FBCT1, 
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FBCT4) and 5 mm (FBCT5).  As FBCT1 was performed on a separate occasion to the 
others, the phantom position in the scanner would not have been exactly reproduced.  A 
basic treatment plan was created on a treatment planning system for each scan with the 
isocentre set at the origin of the scan.  Each plan was sent via DICOM to the Synergy® 
system.   
6.2.2.2 Study I, registration performance with imaging dose (skull phantom) 
In this study the effect of decreasing image dose on the IR performance was 
investigated. 
The phantom was positioned on the couch of the Synergy® system and aligned to 
the room lasers using the external markers that were applied at the time of the FBCT 
scan.  Note, these experiments were not performed on a system with the Hexapod® evo 
couch so rotational alignment errors could not be eliminated.  Eight CBCT images were 
acquired using the Synergy® system at a tube voltage of 120kV and with a wide range 
of exposure settings (Tables 7-10). All scans were collimated to a 25 cm diameter and 
25 cm scan length field of view.  They were performed without a bow-tie filter, which 
was not available at the time of this study. 
Gold standard (GS) CBCT scan.  A best quality CBCT scan was acquired by 
reducing the gantry speed.  At this reduced speed 1285 projection images were acquired 
during a single 360° rotation instead of the typical 630.  This achieved a high dose 
without introducing shading artefacts due to over exposure (saturation) of the imaging 
panel.  This scan will be referred to as GS 
Study Ii, dose reduction by reducing tube current and pulse length.  Three 
CBCT scans were performed at the normal gantry speed with imaging dose varied by 
adjusting the tube current and pulse length per projection image from the lowest 
possible (10 mA, 10 ms), which is the current clinical protocol for all intra-cranial 
IGRT, to a high exposure (80mA, 80ms).  This high exposure was sufficient to saturate 
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the detector for X-ray paths not incident on the phantom which led to significant 
shading artefacts in the reconstructed image.  These will be referred to as A1 to A3 
Table 7. Exposure settings for CBCT scans acquired for study Ii 
CBCT Scan GS A1 A2 A3 
Nominal tube Current (mA) 40 80 40 10 
Pulse Length 10 40 10 10 
Number of projection images 1285 631 628 623 
Thickness of added Cu attenuator (mm) 0 0 0 0 
In-air dose (µGy/mAs @ 100 cm) 82 82 82 82 
CTDI dose (mGy) 27 107 13 3.3 
 
Study Iii, Dose reduction by adding copper filters.  To explore IR uncertainties at 
very low doses, i.e. lower than that which could be set on the Synergy® system, a series 
of 1mm thick copper plates were added to the beam at the level of the collimators.  The 
maximum thickness of copper attenuation used was 4mm which reduced the tube output 
for a single projection image of 10mA and 10ms, measured in-air and scaled to the 
isocentre, from 13.5 µGy to 0.21 µGy.  These scans will be referred to as B1 to B4. 
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Table 8. Exposure settings for CBCT scans acquired for study Iii 
CBCT Scan B1 B2 B3 B4 
Nominal tube Current (mA) 10 10 10 10 
Pulse Length 10 10 10 10 
Number of projection images 628 628 624 628 
Thickness of added Cu attenuator (mm) 1 2 3 4 
In-air dose (µGy/mAs @ 100 cm) 16 6 3 1.2 
CTDI dose (mGy) 0.91 0.38 0.21 0.12 
 
Study Iiii, Dose reduction by reconstruction of A3 with reduced number of 
projections.  An alternative method to reduce dose is to either perform a half scan 
(200°) rotation or to acquire less projections during a rotation of the gantry.  Both of 
these can be simulated from a full (360°) normal speed (630 projections) scan by 
eliminating some of the projections from the reconstruction. A half scan was 
reconstructed based on CBCT scan A3 by selecting all projections with angles between -
180° and 20°.  This will be referred to as A3*.  CBCT scan A3 was also reconstructed a 
further three times with projection images selected at angular intervals of 2°, 4° and 9°.  
The normal angular interval between projection images is 0.5°.  This enabled the scan 
dose to be reduced by a further factor of 15.  These scans will be referred to as A3', A3'' 
and A3''' with 180, 90 and 40 projections respectively. 
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Table 9. Settings for CBCT scans reconstructed from CBCT scan A3 for study Iiii 
CBCT Scan A3* A3' A3'' A3''' 
Nominal tube Current (mA) 10 10 10 10 
Pulse Length 10 10 10 10 
Number of projection images 350 180 90 40 
Thickness of added Cu attenuator (mm) 0 0 0 0 
In-air dose (µGy/mAs @ 100 cm) 82 82 82 82 
CTDI dose (mGy) 1.9 0.95 0.48 0.21 
 
Study Iiv, Dose reduction by reconstruction of B4 with reduced number of 
projections.  Study Iiii was repeated but reconstruction was performed with the 
projection images from CBCT scan B4.  These scans will be referred to as B4*, B4', 
B4'', B4''' as with study Iiii. 
Table 10. Settings for CBCT scans reconstructed from CBCT scan B4 for study Iiv 
CBCT Scan B4* B4' B4'' B4''' 
Nominal tube Current (mA) 10 10 10 10 
Pulse Length 10 10 10 10 
Number of projection images 350 181 91 41 
Thickness of added Cu attenuator (mm) 4 4 4 4 
In-air dose (µGy/mAs @ 100 cm) 1.2 1.2 1.2 0.023 
CTDI dose (mGy) 0.066 0.034 0.017 0.008 
 
Sample trans-axial slices through all of the CBCT scans in studies Ii to Iiv are 
shown in Figure 22.  Scan exposure and reconstruction settings are summarised in 
Tables 7 to 10. 
  
155 
All scans were reconstructed at the standard clinical resolution with a (1mm)3 
voxel size.  The clipbox, was set according to the standard clinical protocol i.e. to 
include the whole of the skull with a margin of approx 1cm and to exclude, as far as 
possible, the cervical spinal vertebrae and lower jaw.   
Repeat registrations of FBCT1 were performed with all CBCT scans from studies 
Ii to Iiv, reconstructed at (1mm)3 voxel size to determine the relationship between IR 
uncertainty with imaging dose.   
6.2.2.3 Study II, registration performance with image resolution (skull phantom) 
In this study the effect of FBCT slice width and CBCT voxel size on the IR 
performance was investigated.  Repeat registrations were performed for CBCT scans 
GS, A3 and B4 reconstructed with (1mm)3 voxel size against FBCT2, FBCT3, FBCT4 
and FBCT5.  These scans were then reconstructed again at (0.5mm)3 voxel size and 
repeat registered with FBCT2-5.  This enabled the effects of both image resolution and 
imaging dose on IR uncertainty to be studied. 
6.2.3 Patient Studies 
IR reproducibility and robustness was investigated using 21 CBCT scans of seven 
patient’s heads (three per patient).  The CBCT scans were chosen by sampling the first 
seven patients in the database and the first three scans in the list for each patient.  Four 
of the seven patients were scanned with a FBCT slice thickness of 5mm while the other 
three were scanned with a 2.5mm slice thickness.  All patient's CBCT scans were 
acquired using the same voxel dimensions, tube voltage and exposure settings as CBCT 
scan A3. 
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Figure 22. Trans-axial slices through the centre of the CBCT scans of the skull phantom 
showing the effect of reducing the exposure (Study Ii), inserting copper 
attenuators (Study Iii) and reconstructing with reduced number of 
projections (Studies Iiii & Iiv).  Tables 7-10 list the exposure and 
reconstruction settings for each scan.  All images are displayed with CBCT 
numbers windowed to the range [0,2000]. 
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6.2.3.1 Study III, registration performance with patient images 
All FBCT-CBCT image pairs from the sample of patient images were repeat 
registered two hundred times with their respective FBCT scans.  IR uncertainties were 
compared with the phantom measurements. 
6.2.3.2 Study IV, Registration uncertainty with clipbox position (patient images) 
The sensitivity of IR error to small variations of clipbox placement, normally 
adjusted by the operator via the graphical user interface, was studied for FBCT-CBCT 
IR of one scan from each of three patients.  A set of 20 clipbox offsets were generated 
by assigning a randomly sampled offset to each of the left, right, anterior, posterior, 
superior and inferior borders.  Each offset was sampled from a uniform distribution, 
with a ± 2cm width.  The randomly generated clipbox offsets were added to the original 
values of the clipbox using an SQL database query acting on the XVI database.  A total 
of 100 repeat registrations were performed for each clipbox setting and FBCT-CBCT 
image pair combination.  Just one FBCT-CBCT image pair was selected for each of the 
seven patients of study III. 
6.2.3.3 Study V, Registration performance after multiple image registrations 
(patient images) 
Anecdotally users also found improved image registration results if the 'Elekta 
Chamfer' IR was performed twice and the results of the first registration were used as 
the starting point of the second registration.  To test this, double registrations were 
applied to three FBCT-CBCT image pairs from patient 2.  This patient was chosen as it 
exhibited the greatest registration uncertainties and therefore the greatest potential for 
improvement.   
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6.2.3.4 Study VI, Registration performance with the 'Elekta Correlation Ratio' 
algorithm (patient images) 
Registration uncertainties were measured for the same three FBCT-CBCT image 
pairs as study V by repeat registration using the 'Elekta Correlation Ratio' algorithm and 
compared to the corresponding 'Elekta Chamfer' algorithm measurements in study III.   
6.2.3.5 Study VII, Effect of image re-sampling (patient images) 
In the methods described above, each CBCT image was transformed with a rigid 
body transformation by interpolation and re-sampling using the functions in ITK.  An 
alternative approach would have been to reset the initial alignment of the images and 
therefore the starting point of the IR optimisation algorithm with one of the random 
misalignments.  In reality there would be a physical translation and rotation of the 
patient or phantom and the object would be sampled into the voxels of the imaged 
volume through the reconstruction process.  Interpolation and re-sampling provided a 
closer approximation to the real situation than the alternative approach.  To demonstrate 
this, the three translation and three rotation parameters were adjusted by editing each 
parameter directly through the user interface of the XVI software application.  The 
algorithm used these parameters as the starting point of the optimisation required to 
perform IR.  A computer script was written to automate this process and to employ the 
same set of random misalignments used in the previous studies.  For a successful IR 
with the 'Elekta Chamfer' matching algorithm, the six transform parameters had values 
close to zero.  The deviations from zero were analysed to determine the uncertainty in 
IR.  This process was performed for the same three CBCT images pairs used in study V. 
6.2.4 Image registration error analysis 
The six rigid body parameters measured by the XVI software (Tx, Ty, Tz, θx, θy, θz ) 
for all N IRs, were first converted into the dual quaternion representation of a rigid body 
transform imˆ  {i=1,2,3,...,N}, representing a rotation followed by a translation.  Dual 
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quaternions provide a convenient representation of rigid body transforms and in 
particular for calculation of the mean of many rigid body transforms.  Details of the 
conversion process are provided in Appendix A.  The corresponding initial 
misalignment, given by the six ITK rigid body versor parameters (q1, q2, q3, t1, t2, t3), 
were also converted to into dual quaternion representation iaˆ  The IR error is given by 
iii ame ˆˆˆ
*
=  where *ˆ im  is the dual conjugate of imˆ . 
The dual quaternion ieˆ was converted back to ITK versor representation in order to 
show that the distributions of each of the three translation and three rotation parameters 
were approximately normally distributed.  Hence the centre of these distributions could 
be considered to represent a best estimate of the 'ground truth' of the misalignment 
between the images of the phantom or patient on the CBCT and FBCT systems.  The 
deviations from the centre of the registration were described as residual errors and were 
due to variability in the IR optimisation algorithm when given different initial 
misalignments.  Registration outliers were due to failure of the registration optimisation 
to find the global minima.   
To calculate a robust mean transform error, eˆ , and avoid the influence of outliers, 
only registrations in which individual versor parameters were within three standard 
deviations of their respective mean value were included in the calculation.  This method 
of calculating a robust mean was used by Humbert et al. [167].  The residual error was 
then given by eee ii ˆˆˆ *=δ . 
To assist the interpretation of the residual errors, each of which have eight 
parameters (six dof), a single measure of target registration error (TRE) was devised as 
described in Chapter 4.  The TRE50 was defined as the mean distance that points on the 
surface of a 50mm radius sphere are translated by the rigid body error transform.  The 
set of points used by the TRE50 calculation was, in some respects, similar to the set of 
points auto-segmented from the surface of the skull used in the study by van Herk and 
Kooy to assess performance of the Chamfer matching algorithm [111]. 
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Since the distribution of ( )ieˆTRE50 δ , for each FBCT-CBCT pair, followed a χ2 
distribution with six dof, the median of ( )ieˆTRE50 δ  was used as a measure of the 
random component of the registration error.   
In the case of study I, the phantom was in the same position for all CBCT scans 
and, since CBCTA was judged to be of the highest quality, the mean transform error for 
image pair FBCT1-CBCTGS  was chosen as a best estimate of the 'ground truth'.  This 
ground truth was denoted by refeˆ .  Calculations of residual errors ieˆδ and ( )ieˆTRE50 δ  
for IR of FBCT1 with the remaining CBCT scans were performed relative to refeˆ .   
Similarly, for study II, the phantom was in the same position for all FBCT scans 
and for all CBCT scans respectively.  FBCT5 had the smallest slice thickness and 
CBCTA(HR) had the smallest voxel size and highest dose, and so, the mean transform 
error for FBCT5-CBCTA(HR) was used as a best estimate of the 'ground truth', refeˆ , for 
study II.  ieˆδ and ( )i50 eˆTRE δ were calculated relative to refeˆ for IR of all other FBCT-
CBCT pairs in the group. 
A systematic IR error, eee ref ˆˆˆ
*
⋅=δ , was defined as the residual between mean 
transform error eˆ , calculated for IR of each image pair in the study and the 'ground 
truth' for the study refeˆ .  The TRE50 concept was also applied to the systematic IR error 
giving a systematic target registration error, ( )eˆTRE50 δ .  A systematic error calculation 
was not applicable to studies III, V, VI and VII as no two FBCT-CBCT pairs were 
repeated with the patient in the same position i.e. there was no gold standard.   
Visual examination, using a purple-green colour fusion, of the results of IR, from 
study III, with ( )i50 eˆTRE δ  between 0 mm and 5 mm, showed that registrations with 
( )i50 eˆTRE δ  > 2.5 mm could be quickly identified as failures.  Also if ( )ieˆTRE50 δ  values 
are calculated for a set of independent translations and rotations with randomly sampled 
standard deviations of 1mm and 0.5° respectively then 90% of all ( )ieˆTRE50 δ  values are 
within 2.5mm.  For this reason all registrations exhibiting a ( )i50 eˆTRE δ  > 2.5mm were 
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classified as failures and the frequency of failures calculated as a percentage of the total 
number of registrations performed for a given FBCT-CBCT pair.   
6.2.5 Measurement of dose 
The in-air dose for a static gantry angle was measured using a 15cm3 parallel plate 
ion chamber (Inovision 96035B, Cleveland, Ohio, USA) placed at 75cm from the focal 
spot.  Measurements were made with and without the copper attenuators using 
exposures of 100 frames and totalling 10mAs (table 7-10).  CBCT dose was measured at 
the centre of the CTDI head phantom using the CTDI chamber [189] (PTW Freiburg 
GmbH ) as described by [4].  Dose was measured for CBCT scans with acquisition 
parameters corresponding to each of the CBCT scans of the skull phantom (table 7-10). 
6.3 Results 
For all pairs of FBCT-CBCT registrations, translation and rotation parameters 
were consistent with the normal distribution.  Most image pairs showed no inter-
correlation of registration error, ieˆ , parameters.  For a few image pairs significant 
(P<0.05) but weak (C<0.5) correlations (Pearson's linear correlation coefficient) were 
observed.  Further analysis was performed assuming a normal distribution of errors with 
independence of each of the six transform parameters. The distributions of ( )i50 eˆTRE δ , 
relating to all image pairs studied, were skewed, with an elongated tail in the direction 
of increasing ieˆδ .  This was consistent with an underlying χ2 distribution with six dof 
( 26χ ).  Deviations from the χ2 distribution were observed in the upper tail. 
6.3.1 Study I, Registration performance with imaging dose (skull phantom) 
In general, the median ( )i50 eˆTRE δ for each image pair showed a low response to 
increasing dose over the entire dose range explored in studies Ii and Iii.  Inter-quartile 
and 90th percentile followed a similar trend. 
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Study Ii.  The reproducibility ( ( )i50 eˆTRE δ ) in this study was 0.4mm for the gold 
standard scan and CBCT
 
scans A2 and A3 (Figure 23a).  Accuracy ( ( )eˆTRE50 δ  ), 
increased slightly from the GS to 0.1mm for CBCT scans A2 and A3 (Figure 23b).  
However, CBCT scan A1 for which the exposure saturated
 
the imaging panel, showed 
increased ( ){ }ieˆTREmed 50 δ  (0.5mm) and ( )i50 eˆTRE δ  (0.7mm).  There were no 
registration failures for these scan pairs. 
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Figure 23. Registration performance for Study Ii  (a) Box and Whisker plots for 
distributions of target registration error, ( )i50 eˆTRE δ , measured for repeat 
registrations with the Gold standard (GS) and CBCT scans A1 – A3 with 
FBCT1, using the 'Elekta Chamfer' matching algorithm in Synergy®.  The 
imaging dose for these scans shown on the upper horizontal axis is in units 
of mGy.  The box gives the median, upper and lower quartiles with a notch 
indicating the confidence interval on the median.  The whiskers extend from 
the 10th to 90th percentile.  (b) Plot of the systematic error, ( )eˆTRE50 δ , in the 
mean from the 'ground truth' estimate. 
 
Study Iii.  The addition of increasing thickness of copper filtration did not affect 
reproducibility with ( ){ }ieˆTREmed 50 δ  rising to 0.5mm for CBCT scan B4 (4mm Cu).  
This was an increase of 0.1mm from the gold standard (Figure 24).  The accuracy 
however rose approximately linearly to a maximum ( )eˆTRE50 δ  of 0.5mm.  There were 
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also a few registration failures (less than 1%) with no particular relationship with 
increasing copper filtration. 
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Figure 24. Registration performance for Study Iii  (a) Box and Whisker plots for 
distributions of target registration error, ( )i50 eˆTRE δ , measured for repeat 
registrations with the Gold standard (GS) and CBCT scans B1 – B4 with 
FBCT1, using the 'Elekta Chamfer' matching algorithm in Synergy®.  CBCT 
scans B1-B4 have increasing thicknesses of copper filtration (1mm, 2mm, 
3mm & 4mm).  The imaging dose for these scans decrease from left to right 
and is indicated on the upper horizontal scale in units of mGy.  The box 
gives the median, upper and lower quartiles with a notch indicating the 
confidence interval on the median.  The whiskers extend from the 10th to 
90th percentile.  (b) Plot of the systematic error, ( )eˆTRE50 δ , in the mean from 
the 'ground truth' estimate.  (c) Bar chart showing corresponding registration 
failure frequencies.   
 
Study Iiii, The reduction of imaging dose by decreasing the number of projections, 
in the image (CBCT scans A3', A3'' and A3''') had no effect on either the reproducibility 
or accuracy compared to CBCT scan A3 (Figure 25).  Performing a half scan (A3*) 
affected the accuracy slightly with ( )eˆTRE50 δ  increasing to 0.2mm.  The robustness of 
the IR deteriorated significantly for both the half scan (A3*) and CBCT scans A3'' and 
A3''' with 90 and 40 projections respectively.  Seven percent of registrations with CBCT 
scan A3''' failed. 
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Figure 25. Registration performance for Study Iiii  (a) Box and Whisker plots for 
distributions of target registration error, ( )i50 eˆTRE δ , measured for repeat 
registrations with the Gold standard (GS) and four reconstructions of CBCT 
scan A3, with FBCT1, using the 'Elekta Chamfer' matching algorithm in 
Synergy®.  CBCT scan A3* was reconstructed with 200° of projections, 
A3', A3'' & A3''' were reconstructed with projections at angular intervals of 
2°, 4° and 9°.  The imaging dose for these scans decreases from left to right 
and is indicated on the upper horizontal scale in units of mGy.  The box 
gives the median, upper and lower quartiles with a notch indicating the 
confidence interval on the median.  The whiskers extend from the 10th to 
90th percentile.  (b) Plot of the systematic error, ( )eˆTRE50 δ , in the mean from 
the 'ground truth' estimate.  (c) Bar chart showing corresponding registration 
failure frequencies.   
 
Study Iiv.  The reduction of imaging dose by decreasing the number of projections 
used in the reconstruction of CBCT scans B4*, B4', B4'' and B4''', based on CBCT scan 
B4, with 4mm of copper filtration also had little effect on the reproducibility or accuracy 
when compared with CBCT scan B4 (Figure 26).  The ( ){ }ieˆTREmed 50 δ  increased 
slightly from 0.5 mm to 0.6 mm while ( )eˆTRE50 δ  actually decreased slightly from 0.5 
mm to 0.4 mm.  The increase in ( )eˆTRE50 δ  for the half scan A3* was not observed for 
the half scan B4*.  The frequency of failures was no greater than 5% for any of the 
CBCT scans. 
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Figure 26. Registration performance for Study Iiv  (a) Box and Whisker plots for 
distributions of target registration error, ( )i50 eˆTRE δ , measured for repeat 
registrations with the Gold standard (GS) and four reconstructions of CBCT 
scan B4, with FBCT1, using the 'Elekta Chamfer' matching algorithm in 
Synergy®.  CBCT scan B4* was reconstructed with 200° of projections, 
B4', B4'' & B4''' were reconstructed with projections at angular intervals of 
2°, 4° and 9°.  The imaging dose for these scans decreases from left to right 
and is indicated on the upper horizontal scale in units of mGy.  The box 
gives the median, upper and lower quartiles with a notch indicating the 
confidence interval on the median.  The whiskers extend from the 10th to 
90th percentile.  (b) Plot of the systematic error, ( )eˆTRE50 δ , in the mean from 
the 'ground truth' estimate.  (c) Bar chart showing corresponding registration 
failure frequencies.   
 
6.3.2 Study II, Registration performance with image resolution (skull 
phantom) 
Both reproducibility ( ( ){ }i50 eˆTREmed δ ) and accuracy ( ( )eˆTRE50 δ ) components of 
the registration errors increased with increasing FBCT slice width (Figure 27a,b).  The 
increase in registration errors were approximately linearly related to the FBCT slice 
width. For the larger slice widths ( )eˆTRE50 δ  was larger than ( ){ }i50 eˆTREmed δ  while for 
the smallest slice width the ( )eˆTRE50 δ  was less than ( ){ }i50 eˆTREmed δ .  There was no 
discernible improvement in the accuracy when using the high resolution reconstruction 
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and only a small improvement in the reproducibility component.  The relationship of IR 
error with FBCT slice width held for both the high dose gold standard scan and the 
standard clinical dose CBCT scan A3 but deteriorated for the lowest dose CBCT scan 
B4.  In particular the systematic errors were greater even for the smallest slice width 
FBCT scans. 
Registration failures (Figure 27c) were more frequent with registrations using 
CBCT scans acquired at the lowest dose and larger voxel size although the probability 
of failure was less than or equal to 1% for all image pairs.   
6.3.3 Study III, registration performance with patient images 
The random component of the registration errors for patients performed with a CT 
slice width of 5 mm (average ( ){ }i50 eˆTREmed δ = 0.75 mm) were approximately 50% 
greater than those performed with a 2.5 mm slice width (average ( ){ }i50 eˆTREmed δ = 0.50 
mm).  This compares with 0.33mm for the 2.5mm slice width (CT4-CBCTA3(S)) and 
0.41mm, for the 5mm slice width (CT5-CBCTA3(S)) measured with the skull phantom 
data.   
The third scan of patient four exhibited an unusually high random registration 
error ( ( ){ }i50 eˆTREmed δ = 1.2 mm).  The 90th percentile ranges were 0.75 mm to 2 mm.  
The frequency of registration failures, ( ) 5.2eˆTRE i50 >δ mm, ranged from 0 to 2.5% for 
all but one FBCT-CBCT scan pair which was 7% (Figure 28a).  Registration failures 
only occurred if InitialTRE  was greater than 10 mm (Figure 28b). 
The measured ( )i50 eˆTRE δ  data was plotted against the initial misalignment, 
expressed as a target registration error using the method described previously
.  
This 
showed that registration failures were more frequent and the spread of ( )i50 eˆTRE δ  
became larger as the initial misalignment increased (Figure 29). 
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Figure 27. Registration performance for Study II  (a) Box and Whisker plot for 
distributions of target registration error, ( )i50 eˆTRE δ , measured for repeat 
registrations of CBCT
 
scans GS, A3 & B4, reconstructed at both high (H, 
0.5 mm voxel) and standard (S, 1 mm voxel) resolutions with FBCT2-5 
(0.625mm, 1.25mm, 2.5mm, 5mm).using the 'Elekta Chamfer' matching 
algorithm in Synergy®.  The box gives the median, upper and lower 
quartiles with a notch indicating the confidence interval on the median.  The 
whiskers extend from the 10th to 90th percentile.  (b) Plot of the systematic 
error, ( )eˆTRE50 δ , in the mean from the 'ground truth' estimate (FBCT2-
CBCTGS(H)).  (c) Bar chart showing registration failure frequencies for each 
FBCT-CBCT scan pair. 
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A uniform distribution of initial misalignments with translations up to 40mm and 
rotations up to 20° was chosen to measure the performance of the IR algorithms well 
beyond the normal range of clinical operation.  Typical initial misalignments are much 
less in clinical practice than tested in this study. To determine more clinically realistic 
estimates of registration uncertainties, the data presented here were sub-sampled to 
reflect a distribution that was more typical of patient set-up errors found in clinical 
practice, i.e. independent translations, distributed normally (σ = 3 mm), and rotations 
about an axis of random orientation, also distributed normally (σ = 3°).  For the IRs 
performed on the patient data in this study, 90% of all registrations had a ( )i50 eˆTRE δ  less 
than 1 mm.  When this error was separated into individual components along the 
patient’s cranial–caudal, anterior–posterior and lateral directions, the standard deviation 
of each component was found to be approximately 0.4 mm.  Whilst this error is small it 
should nevertheless be considered when designing CTV–PTV margins for IGRT 
protocols especially if the protocol involves online correction on each fraction and the 
number of fractions is small. 
6.3.4 Study IV, Registration uncertainty with clipbox position (patient 
images) 
The random and systematic IR components showed a relatively low sensitivity to 
clipbox position (Figure 30).  For the three CBCT scans used in this study the range of 
( ){ }i50 eˆTREmed δ  values was no greater than 0.3mm.  Given an IR result using one of the 
clipboxes there was an equal probability of improving and degrading the registration 
with a minor adjustment of the clipbox. 
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Figure 28. Registration performance for Study III  (a) Box and Whisker plot for 
distributions of target registration error ( )i50 eˆTRE δ measured using seven 
patient head images.  Each bar represents repeat registrations of one of three 
CBCT scans with the respective patient's FBCT scan using the 'Elekta 
Chamfer' image registration algorithm in Synergy®.  The box gives the 
median, upper and lower quartiles with a notch indicating confidence 
interval on the median.  The whiskers extend from the 10th to 90th percentile.  
(b) Bar chart showing corresponding registration failure frequencies. 
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Figure 29. Study III, Plot of measured registration error, ( )i50 eˆTRE δ against applied 
misalignment, InitialTRE  for all patient data. The horizontal dotted line 
represents the threshold value of ( ) 5.2eˆTRE i50 =δ above which registrations 
were classified as failures. 
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Figure 30. Registration performance for Study IV  (a-c) Box and Whisker plot for 
distributions of target registration error ( )i50 eˆTRE δ measured for repeat 
registrations of CBCT scans for one fractions each of the first three patients 
using the 'Elekta Chamfer' image registration algorithm in Synergy®.  
Repeat registrations were executed 20 times for each image pair using 20 
randomly sampled clipbox positions.  The box gives the median, upper and 
lower quartiles with a notch indicating confidence interval on the median.  
The whiskers extend from the 10th to 90th percentile.  (b) Bar charts showing 
corresponding registration failure frequencies. 
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6.3.5 Study V, Registration performance after multiple image registrations 
(patient images) 
When IR was repeated using the result of the first IR as the starting point of the 
second, there was a small effect on the IR performance.  A simple analysis would 
suggest the distribution of the random component was unchanged (Figure 31a) and the 
number of failures reduced to zero (Figure 31b).  A paired analysis (Figure 32a) 
showed that overall, 63% of IRs were improved by an average of 0.3mm which is not 
significant in clinical terms.  However, for the 12 (out of 600) registrations where 
( )i50 eˆTRE δ was originally greater than 2.5 mm, 10 had a ( )i50 eˆTRE δ of less than 2.5 mm 
after a second registration.  Only 2 out of the 6 which had a ( )i50 eˆTRE δ > 5mm after the 
first registration were not improved to ( )i50 eˆTRE δ < 2.5mm.  This shows that a second 
registration can be beneficial. 
6.3.6 Study VI, Registration performance with the grey value matching 
algorithm (patient images) 
The random component of IR errors, performed with the 'Elekta Correlation Ratio' 
IR algorithm ( ( ){ }i50 eˆTREmed δ  = 0.05mm) were more than a factor of 10 less than with 
the 'Elekta Chamfer' algorithm ( ( ){ }i50 eˆTREmed δ  = 0.7mm (Figure 31a) but the number 
of registration failures increased to between 6.5 and 8.5% (Figure 31b).  A paired 
analysis (Figure 32b) showed that overall, 91% of IRs were improved.  Of the 12 
registrations which were greater than 2.5 mm with a single 'Elekta Chamfer' match, 10 
were improved to ( )i50 eˆTRE δ < 2.5 mm.  However, of the other 588 for which, 
( )i50 eˆTRE δ , was previously less than 2.5 mm, 43 became > 2.5 mm with the 'Elekta 
Correlation Ratio' algorithm.  The lowest InitialTRE  for which ( )i50 eˆTRE δ  was greater 
than 2.5 mm was 13mm which is similar to that of the 'Elekta Chamfer' algorithm.  This 
was at the expense of increased time as the 'Elekta Correlation Ratio' registration 
algorithm took up to 4 minutes to complete while the 'Elekta Chamfer' algorithm took 
less than 5 seconds.   
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6.3.7 Study VII, Effect of image re-sampling (patient images) 
There was a small but significant difference in the random components of the IR 
errors if the initial misalignment was created using the graphical user interface of the 
XVI application software (Figure 31a,b).  For all registrations ( )i50 eˆTRE δ  < 2.5mm (i.e. 
excluding outliers), a paired t-test showed there was a small (0.07mm) but significant 
difference in the means (P < 10-5, excluding registrations with ( )i50 eˆTRE δ  > 2.5mm) 
(Figure 32c).  The re-sampled registrations had the larger ( )i50 eˆTRE δ .  The average 
( ){ }i50 eˆTREmed δ  for study VII was 0.65mm compared with 0.7mm for study III.  The 
average failure frequency ( ( )i50 eˆTRE δ > 2.5 mm) was 3 % with this method compared to 
2% if the image is re-sampled (Study III).  This small difference indicated that image re-
sampling was unnecessary in order to get a reasonable estimate of random IR 
uncertainties. 
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Figure 31. Registration performance for Studies V, VI & VII  (a) Box and Whisker plot 
for distributions of target registration error ( )i50 eˆTRE δ measured for repeat 
registrations of CBCT scans with CT data for three fractions of patient 2.  
The results for study III, performed with the 'Elekta Chamfer' algorithm are 
compared with the alternative methods of studies V, VI and VII.  In study V, 
the 'Elekta Chamfer' registration was run twice.  Study VI used the 'Elekta 
Correlation Ratio' registration algorithm and study VII used an alternative 
method of initial image misalignment.  The box gives the median, upper and 
lower quartiles with a notch indicating confidence interval on the median.  
The whiskers extend from the 10th to 90th percentile.  (b) Bar chart showing 
corresponding registration failure frequencies. 
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Figure 32. Correlation between registration uncertainties for Studies V, VI & VII  
Results for study III performed with the Elekta Chamfer' algorithm 
compared with the alternative methods of studies V, VI and VII.  In study V, 
the 'Elekta Chamfer' registration was run twice.  Study VI used the 'Elekta 
Correlation Ratio' registration algorithm and study VII used an alternative 
method of initial image misalignment.  (a-c) ( )i50 eˆTRE δ  for each of the 
methods plotted against ( )i50 eˆTRE δ for study III.  The inset for each of these 
plots has an expanded scale indicated by the dashed box on the main plot. 
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6.4 Discussion 
In a previous feasibility study [4], IR was shown to be highly accurate for CT-
CBCT image pairs of a skull phantom and was robust to reduction of the imaging dose.  
The study used a voxel intensity based IR algorithm using a global correlation cost 
function in a treatment planning system and not the algorithms provided in the Elekta 
Synergy® system.  This study also relied on manually repeating IR which limited 
sample sizes and therefore the ability to assess registration uncertainties.  In the follow-
on study, presented in this chapter, the performance of the IR algorithm in a commercial 
IGRT system was assessed using up to 200 randomly sampled misalignments with the 
aid of Windows scripting software.  This enabled a much more comprehensive analysis 
of IR uncertainties. 
A further deficiency in the earlier study of Sykes et al. [4] was the use of the 
Alderson Rando phantom.  The Rando phantom was not an ideal choice for an IR study 
as it was made up of 3 cm thick slices each containing many cylindrical inserts to enable 
placement of small dosimeters.  These would have been visible in both FBCT and 
CBCT images and could, therefore, have influenced the registration accuracy.  In the 
current study a skull phantom was used which did not possess structures that could 
influence the accuracy of IR.   
The imaging dose was reduced as far as practically possible by using a 
combination of copper attenuators and reduced projection images in reconstruction.  The 
'Elekta Chamfer' algorithm was found to be very robust to a reduction in imaging dose 
by either method.  This is a significant finding, particularly for paediatric patients where 
the concomitant imaging dose of repeat CBCT required for accurate setup is of concern.   
Registrations with CBCT scan A1 showed elevated systematic and random error 
components ( ( )eˆTRE50 δ = 0.7mm, ( ){ }i50 eˆTREmed δ = 0.5mm).  This may have been due to 
the high exposure of which was sufficient to saturate the imager external to the 
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phantom.  This caused greater in-homogeneity in the grey level for regions of the 
phantom that had uniform density.  Over-exposure and saturation of the imager which 
increased the registration uncertainty for registrations with CBCT scan A1 could be 
avoided with use of the bow-tie filter, now supplied by the manufacturer. 
While the increase in systematic and random uncertainties of IR with increasing 
FBCT slice width and CBCT voxel size was expected, the results show there is little 
benefit in reducing CT slice width less than 2.5mm or reconstructing the CBCT images 
at (0.5mm)3 instead of (1mm)3.  The patient data also supports the reduction of FBCT 
slice width to less than 5mm to ensure the majority of random errors are less than 1mm. 
The exact placement of the Clipbox boundaries was not found to be critical with 
larger gains to be found if the IR was performed a second time. This information 
provides practical guidance to operators of the XVI application regarding the relative 
merits of adjusting the Clipbox or repeating the automatic IR compared to manual 
adjustment of the registration. 
The majority of IR errors were dominated by the translational component.  The 
ratio of ( )i50 eˆTRE δ  calculated on the translational component alone to the ( )i50 eˆTRE δ  for 
both rotation and translation was 0.76 for more than 90% of registrations in study III. 
In the first part of a study by Meyer et al. [74] investigating the positioning errors 
associated with CBCT, initial misalignments and hence the starting point for automatic 
IR were achieved by incrementing the coordinates of the treatment plan centre by 
0.1mm and 0.5mm in the x, y & z directions.  The Synergy® system used the 
coordinates of the planned treatment centre in the CT frame of reference in order to 
initially align the CBCT scan with the CT scan.  The 'Elekta Correlation Ratio' 
registration algorithm was able to exactly detect the 0.1mm displacements of the 
treatment centre while the 'Elekta Chamfer' algorithm gave small errors, less than 
0.3mm and 0.4°.  Their method did not allow the effect of rotational misalignment on IR 
to be measured.  In this chapter, the random component of the registration errors with 
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the 'Elekta Correlation Ratio' were found to be predominantly less than 0.1mm.  This is 
in broad agreement with the work of Meyer et al.  For the 'Elekta Chamfer' algorithm, 
95% of all registrations were within ±0.8mm in each direction and with a combined 
rotation of less than 1.4°.  These measurements are larger than those found by Meyer et 
al. but this maybe due to the inclusion of an initial rotational misalignment in the 
methods used in this chapter. 
The re-sampling and sub-pixel interpolation of the CBCT image when transformed 
in this study would not have exactly replicated a real shift of the phantom or patient.  
Structural noise and image artefacts would also have been transformed and re-sampled 
along with the image data whereas, in reality, these are more likely to have a fixed 
position in relation to the imager or to change characteristics according to the position 
and orientation of the subject.  However, study VII, showed, for the 'Elekta Chamfer' 
algorithm, that reasonable estimates of IR uncertainties may be achieved if the initial 
misalignment is created by just changing the starting point for IR without interpolation.  
This suggests that image interpolation is not critical for these measurements and has the 
added advantage of significantly reducing the computational overhead. 
Chamfer matching relies on edge detection of the bony anatomy surface.  The very 
low dose reconstructions of the head phantom had significantly increased CT values.  It 
was thought that this could affect the segmentation process leading to the phantom 
surface being extracted instead of the bony anatomy.  A set of CT images simulating the 
low dose scans was created having removed the phantom surface to air interface using 
image processing techniques.  Repeat registrations gave similar results to the original 
images showing that the Chamfer matching algorithm was extracting the correct surface. 
One effect of using copper attenuators to simulate lower dose scans is beam 
hardening which can lead to a cupping artefact although this was not strongly evident in 
the images acquired for this study.  However, the mean grey-level did increase with 
increasing copper thickness.  This may have been the cause of the increased registration 
errors with the greatest thickness of copper.  Despite the possibility of the copper 
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attenuator affecting registration performance registration errors did not deteriorate 
rapidly.  This indicates that imaging dose can be reduced, below that available in normal 
operation of the equipment, without significantly compromising the performance of the 
investigated automatic IR algorithms. 
A uniform distribution of initial misalignments with translations up to 40mm and 
rotations up to 20° was chosen to measure the performance of the IR algorithms beyond 
the normal range of clinical operation.  Since the typical initial misalignments will be 
much less in clinical practice than tested in this study, and the registration uncertainties 
appeared to be linearly related to the magnitude of the initial misalignment, the 
registration uncertainties presented here will be an over estimate.  To determine more 
clinically realistic estimates of registration uncertainties the data presented here was 
sub-sampled to reflect a distribution that was more typical of patient set-up errors found 
in clinical practice i.e. independent translations distributed normally (σ=3mm) and 
rotations about an axis of random orientation also distributed normally (σ=3°).  For the 
IRs performed on the patient data in study III, 90% of all registrations had a ( )i50 eˆTRE δ  
less than 1.3 mm.  When this error was separated into individual components along the 
patient's cranial-caudal, anterior-posterior and lateral directions, the standard deviation 
of each component was found to be approximately 0.5 mm.  Whilst this error is small it 
should nevertheless be considered when designing CTV-PTV margins for IGRT 
protocols especially when the protocol involves online correction on each fraction.   
In this study the ( )i50 eˆTRE δ  parameter of IR performance was proposed.  The 
'Elekta Chamfer' match algorithm utilised in the Synergy® system was based on the 
Chamfer match algorithm implemented by van Herk and Kooy, [111].  Analysis of IR 
errors in this and a later study [190] were performed in a similar manner to the methods 
used here.  The set of points used to define ( )i50 eˆTRE δ in their study were those extracted 
from the surface of the skull in the CT image in order to perform the Chamfer match.  
Since these points were not available for this study, ( )i50 eˆTRE δ was calculated from the 
displacement of a set of points on the surface of a sphere centred on the isocentre.  This 
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had the advantage of being independent from the algorithm.  Furthermore the sphere 
was centred on the isocentre which is typically the centre of the treatment volume and 
the centre of rotation of the moving image in the IR.   
A number of authors have addressed the quality assurance of IR algorithms for 
both radiotherapy treatment planning and image guidance.  The methods employed are 
wide ranging and include use of various phantoms and methods of visual assessment.  
As demonstrated in this study the use of phantoms can underestimate the typical IR 
errors.  Physical displacement of the phantoms is limited by both the time taken to 
perform each measurement and the precision that the phantom can be displaced 
[137,139].  Visual assessment is limited by both the subjective nature of the observer 
and the time taken to assess each registration.  Identification of corresponding fiducial 
points on 3D images is also prone to error as features that can be pinpointed in a 2D 
sectional plane are rarely well defined perpendicular to the plane [132,187].  The 
number of corresponding points that can be readily defined is also a limiting factor.  
Many studies published on IR performance have been performed by the developers of 
the algorithm and bench marked against other established algorithms [116,119].  Access 
to source code makes automation of the process relatively straightforward but does not 
test the commercial implementation in the clinical setting.  This is an important factor if 
decisions about clinical processes are to be formed on the basis of understanding IR 
performance. 
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6.5 Conclusions and Future Work 
6.5.1 Conclusions 
In this chapter, methods of measuring the IR performance of a commercial IGRT 
system have been developed.  These methods have been applied to the study of IR 
accuracy, precision and robustness for image guidance of intra-cranial tumours based on 
IR of the bones of the skull with the 'Elekta Chamfer' algorithm.  With the skull 
phantom the accuracy, in terms of TRE50 , was significantly less than 0.5mm for CT 
slice widths less than or equal to 2.5mm.  The precision (reproducibility), based on 
patient images, was such that the TRE50 was less than 1.3 mm for 90% of patients if the 
initial patient set-up errors were typical i.e. normally distributed with σtranslation= 3mm 
and σrotation = 3°.  This equates to a standard deviation of 0.5mm for individual lateral, 
cranial-caudal and anterior-posterior random error components of target registration 
error on the surface of a 50mm radius sphere. The algorithm was also robust with no 
registration failures for initial setup errors of this magnitude.  This indicates the 
performance of the algorithm is suitable for image guidance of intra-cranial tumours.  It 
also suggests that a thorough visual check of alignment might not be required before 
treatment.  The precision of the 'Elekta Correlation Ratio' algorithm was better than the 
'Elekta Chamfer' algorithm however this was at the expense of increased computational 
time and reduced robustness. 
The limit at which IR performance started to deteriorate rapidly (with decreasing 
image dose) was not found with the range of imaging doses investigated in this study.  
There was a slight deterioration for imaging doses less than 0.4 mGy but no further 
deterioration for doses down to 8 µGy.  Since even a dose of 0.4mGy is very low in the 
context of the dose received by the patient from radiotherapy it would seem unnecessary 
to reduce the dose further.  Hence, a dose of 0.4mGy could be considered as optimum.  
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This is a factor of ten lower than that which can be set under normal operation of the 
clinical system. 
6.5.2 Future Work 
Given the results of this chapter, it is likely that the benefits of low registration 
failures of the 'Elekta Chamfer' algorithm and greater precision (reproducibility) of the 
'Elekta Correlation Ratio' algorithm can be combined if the 'Elekta Chamfer' algorithm 
were to be applied immediately prior to the 'Elekta Correlation Ratio' algorithm.  It is 
also likely that the number of iterations required for the 'Elekta Correlation Ratio' 
algorithm would be low given a good starting point from the 'Elekta Chamfer' algorithm 
thereby reducing the overall computation time when compared to the 'Elekta Correlation 
Ratio' algorithm alone.  The hypothesis that the combination of the two algorithms 
provides better overall performance than either of the algorithms used individually 
should be tested. 
Image guidance based on bony anatomy is also used in treatment of other clinical 
sites such as, mediastinal lung, oesophagus, and head and neck tumours.  Quantification 
of the precision and robustness of IR in these sites would determine the benefits of 
employing automatic IR in these sites.   
Chapter 7  
Measurement of automatic image registration 
uncertainties for prostate tumours: pelvis 
phantom and patient FBCT and CBCT images 
7.1 Introduction 
In chapter 6, the technique for investigating image registration (IR) uncertainties 
was established and utilised on FBCT and CBCT images of a skull phantom and patient 
head images, primarily using the 'Elekta Chamfer' algorithm.  The high contrast of the 
bone to soft tissue interfaces makes this a fairly robust process to the extent that the 
algorithm did not fail catastrophically even when the imaging dose was reduced to very 
low levels.  In part II, the same techniques are used to investigate the more challenging 
IR problem of soft tissue matching of the prostate. 
The robustness of the Correlation Ratio IR algorithm was studied by the 
developers of the XVI software.  In their study [88], performed on a non commercial 
version of the algorithm, IR of the prostate were evaluated visually by one experienced 
observer.  The clinical target volume which in their case was the prostate, not including 
seminal vesicles was expanded by 3.6mm to create a set of verification contours.  These 
contours were overlaid on the CBCT image.  The observer's task was to determine if any 
part of the prostate in the CBCT image was outside the verification contours.   
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In this chapter the analysis of IR errors was designed specifically to allow a 
reasonable comparison with the frequency of registration failure measured by 
Smitsmans et al. In addition, in this chapter, the accuracy, reproducibility and robustness 
are investigated as a function of imaging dose using an anthropomorphic phantom of the 
pelvis and patient images are used to determine precision and robustness of automatic 
IR in clinical practice. 
7.2 Materials and Methods 
In this study the basic methods of performing repeat IR having first transformed 
the CBCT image data to one of a random selection of rigid body transforms was the 
same as in chapter 6.  The methods differed slightly due to the availability of a new 
treatment couch on the Synergy® system that allowed patient positioning with six dof 
i.e. translation and rotation.  The Hexapod® evo system (Elekta AB, Sweden, 
Stockholm) which was the subject of investigations in Chapter 5 was able to position 
the phantom more accurately to match the position in the FBCT scan and therefore 
reduce any systematic errors to a minimum.  The study also required a newer version of 
the XVI software.  In the XVI version 4.2 studied in Chapter 6, it was impossible to set 
the clipbox so that bony anatomy and air in the rectum of the FBCT scan were excluded 
whilst keeping the prostate and seminal vesicles within the volume.  The newer XVI 
version 4.5 software, which was released in spring 2010, but was not available during 
the time of this study, enabled a masked region of interest to be defined based on the 
reference FBCT scan.  Only image data within the mask was used by the IR algorithm.  
This enabled the user to define a mask containing just the prostate and a small amount 
of surrounding tissue whilst excluding bone and the rectum.  With knowledge of this 
development a research version of the XVI software was acquired from the software 
developers based at the Netherlands Cancer Institute (NKI, Amsterdam, Netherlands) in 
order to perform this investigation.  The research version was effectively a Beta release 
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of the commercial release with some extra tools written specifically to enable the work 
in Chapter 8 [191].   
7.2.1 FBCT and CBCT imaging 
7.2.1.1 Phantom Imaging 
A CIRS Model 801 P-F phantom otherwise known as the Virtually Human Male 
Pelvis Phantom or VHMP was scanned on a Siemens Sensation Open 24 CT scanner 
with 1.5 mm slice thickness and inter-slice spacing of 1mm.  The trans-axial plane pixel 
size was approximately 1mm.  Using the Advantage Sim™ MD application (v7.6) the 
patient surface, GTV (prostate and seminal vesicles), bladder, rectum and pelvic bones 
were either auto-segmented or delineated manually.  A single anterior beam was added 
with isocentre aligned to the lateral and anterior positions of the middle plane of CT 
markers.  This coincided approximately with the geometric centre of the prostate.  The 
plan was sent to the Synergy® system in preparation for CBCT imaging.   
The phantom was aligned on the Hexapod treatment couch of the Synergy® 
system according to the room lasers and the fiducial markers (2.3mm Beekley SPOTS) 
placed at the time of CT scanning which indicated the isocentre position approximately.  
An initial CBCT image was acquired and IR performed using the 'Elekta Chamfer' 
algorithm with the FBCT reference markers including the majority of the pelvic bones 
in the registration Clipbox.  The three translation and three rotation transformation 
parameters resulting from the IR were used to drive the Hexapod couch to eliminate all 
translation and rotation positioning errors.  A second CBCT was performed to verify the 
position to within 0.05mm and 0.05°.  All CBCT imaging was performed at a tube 
voltage of 120kV with a 360° rotation of the scanner using the medium field of view 
(40cm diameter) and coned to an approximate 13 cm length.  Seven scans were 
performed with a range of exposure settings (Table 11) Images were reconstructed at 
medium resolution i.e. with a cubic voxel dimension of 1mm. 
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Table 11. Exposure settings for the seven scans A-G and a measurement of nominal 
scan dose measured in a CTDI phantom with a Farmer chamber. 
Scan Label Tube Current 
(mA0 
Pulse Length 
(ms) 
Total exposure 
(mAs) 
CTDI Dose 
(mGy) 
A 40 80 2176 39.8 
B 40 50 1360 24.9 
C 32 40 870.4 15.9 
D 12 80 652.8 11.9 
E 25 20 340 6.2 
F 25 12 204 3.7 
G 10 10 68 1.2 
7.2.1.2 Patient Imaging 
Six patients were sampled from a clinical database of the Synergy® system.  The 
first three CBCT images were sampled from each patient.  The CT slice thickness and 
slice separations were both 5mm and trans-axial plane pixel size was approximately 
1mm.   
CBCT scans were all performed with medium field of view collimated to a 13cm 
length.  The tube voltage was 120kV and the tube exposure settings were the same as 
scan D for the phantom.  The scans were reconstructed at medium resolution. 
7.2.2 Image Registrations 
Image registrations were performed using a research release of the XVI software.  
An IR mask was created based on the GTV (prostate and seminal vesicles), previously 
delineated by a radiologist for the patient's treatment, with a 5mm expansion in all 
directions.  The 5mm expansion was necessary to include gradients in CT number at the 
periphery of the prostate.  The mask was then edited manually to ensure that neither air 
pockets nor pelvic bones in the FBCT image of the rectum were included.   
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Repeat IR were performed for each FBCT-CBCT scan pair and the rigid body 
transform parameters recorded.  For each FBCT-CBCT scan pair, one hundred repeat 
registrations were performed with the CBCT scan misaligned using the ITK 
Versor3DRigidBody class as described in chapter 6.  The range of translations and 
rotations sampled for misalignment of the skull images in part I proved to be too great 
for the registration of the prostate.  This is not surprising as the diameter of the prostate 
is only 5 cm.  Consequently a more realistic set of transforms was calculated by 
sampling a normal distribution with the standard deviations reported by Stroom et al 
[192]; which are translations: σLR = 0.06, σAP = 0.28, σSI = 0.28 and rotations: σLR = 
3.4, σAP = 0.9, σSI = 1.6.  These represent the random error of the prostate motion 
relative to the bony anatomy for patients in the supine position. 
All IR were performed with the 'Elekta Correlation Ratio' IR algorithm.  The 
general method for analysis of the IR transform results was performed as described in 
chapter 6 but with a few changes.  The reason for these changes was to create a similar 
criteria for failure as that used by Smitsmans et al [88] i.e. no part of the prostate 
boundary should be misaligned by more than 3.6mm.  First, the TRE was calculated at a 
radius of 30mm as this is more typical of the prostate dimensions.  Secondly, the 
maximum target registration error for any of the points on the sphere was calculated 
instead of the mean TRE as describe in chapter 4, and finally, the threshold value of 
TRE above which an IR was classed as a failure was 3.6mm.   
It is also worth noting that a match on bone was not performed first to provide a 
good starting point for the soft tissue match of the prostate as performed in the study by 
Smitsmans et al. [88].  Since the phantom was rigid an IR of bone would also match the 
prostate exactly which would not be the case in a patient where the prostate position 
moves relative to the bony anatomy within certain constraints.  For this reason, the 
initial misalignments were based on the differential motion of the prostate relative to the 
bones observed by Stroom et al. [192].   
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7.3 Results 
The CBCT scan of the VHMP phantom acquired at the highest dose setting (A) 
clearly shows the contrast between soft tissues of the prostate, bladder and rectum with 
the surrounding fatty tissues (Figure 33).  The image noise increases markedly with 
decreasing image dose to the point where no clear border between the prostate and the 
lateral fatty tissues was visible (Figure 34). 
 
Figure 33. Transaxial, Sagittal and Coronal sections through CBCT scan A scanned 
with the highest dose setting. 
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Figure 34. Transaxial sections of CBCT scans A to G, centred on the prostate, showing 
the deterioration of image quality with imaging dose. 
 
The random error component represented by ( ){ }imax30, eˆTREmed δ , for scans A-E 
remained constant at less than 0.2mm with nominal scan doses down to 6.2mGy 
(Figure 35a).  The frequency of registration failures, defined as ( ) 6.3eˆTRE imax,30 >δ , was 
also less than 5% for these scans (Figure 35c).  The systematic error 
component ( )eˆTRE max,30 δ , however, increased steadily between scans A and E with 
decreasing dose, rising to a maximum of 0.9mm (Figure 35b). This was still less than 
the size of the CBCT and FBCT voxel sizes.  For scan F the ( ){ }imax30, eˆTREmed δ  
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remained at 0.2mm however the frequency of registration failures also rose to near 7% 
and the systematic error had risen to 1.5 mm.  For the lowest dose scan, G, 
( ){ }imax30, eˆTREmed δ  rose to 0.8mm, the systematic error to 2.2mm and the frequency of 
errors to 10%.  This showed that there was a clear relationship between the scan dose 
and the IR error.  The scan setting used for patient imaging was based on scan D which 
had exposure settings twice that of scan E, the point at which the IR performance starts 
to deteriorate. 
IR performance for the patient scans did not match that of the phantom scans 
except for three FBCT-CBCT scan pairs (Figure 36).  There was a large range in 
performance with the random component described by ( ){ }imax30, eˆTREmed δ  ranging 
between 0.2mm and 9.2mm and with a range of failure frequency between 1% and 88%. 
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Figure 35. Soft tissue registration performance for VHMP phantom with decreasing 
dose.  (a) Box and Whisker plots for distributions of target registration error, 
( )imax,30 eˆTRE δ , measured for repeat registrations of CBCTA-G with FBCT, 
using the 'Elekta Correlation Ratio' matching algorithm in the research 
version of XVI and a mask set to the GTV + 5mm.  The imaging dose for 
these scans decrease from left to right and is indicated in the upper 
horizontal scale.  The box gives the median, upper and lower quartiles with 
a notch indicating the confidence interval on the median.  The whiskers 
extend from the 10th to 90th percentile.  (b) Plot of the systematic error, ( )eˆTRE max,30 δ , in the mean from the 'ground truth' estimate.  (c) Bar chart 
showing corresponding registration failure frequencies.   
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Figure 36. Soft tissue registration performance for the prostate in patient images.  (a) 
Box and Whisker plot for distributions of target registration error 
ieˆδTRE measured using images from seven prostate patients.  Each bar 
represents repeat registrations of one of three CBCT scans with the 
respective patient's FBCT scan using the 'Elekta Chamfer' IR algorithm in 
Synergy®.  The box gives the median, upper and lower quartiles with a 
notch indicating confidence interval on the median.  The whiskers extend 
from the 10th to 90th percentile.  The horizontal dotted line represents the 
threshold value of 6.3
ˆ
=
ieδTRE mm above which registrations were classified 
as failures.  (b) Bar chart showing corresponding registration failure 
frequencies.   
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7.4 Discussion 
The VHMP phantom results which show a clear relationship between IR 
uncertainty and dose with nominal scan doses less than 6mGy leading to increased 
frequency of registration failure.  This dose is approximately half the nominal dose for 
current clinical scan protocols.  This has potential to inform clinical practice and enable 
scan doses to be reduced to a minimum without affecting IR.  However, the 6mGy cut-
off should be considered carefully as the actual scan dose for patients that are larger than 
the VHMP phantom will be lower and therefore higher exposure settings may be 
required to maintain automatic IR performance.  For these large patients the current scan 
exposures setting may not be sufficient for optimal IR performance. 
The IR performance with the patient images was disappointing.  The patient 
CBCT images were generally of poor quality with inadequate definition of the prostate 
boundary, particularly at the prostate-rectum and prostate-bladder borders.  In some 
patients the rectum size had increased greatly from the FBCT scan and in others there 
was evidence of intra-scan motion which has led to motion artefacts from the changing 
position of the bowel gas as well as increased blurring of the muscle-fat tissue 
interfaces.  FBCT-CBCT scans pairs for which IR performed well were relatively free of 
intra-fraction motion artefacts and the rectum size was similar in both FBCT and CBCT 
scans. 
In many of the patient FBCT-CBCT image pairs studied, the spread of IR 
parameters were so great that the hypothesis that the robust mean described in appendix 
A.5 represented the ground truth was false.  Closer examination of the data showed that 
there were loose clusters of IRs with similar parameters.  These were quite widely 
separated across the parameter space.  An attempt to establish likely candidates for the 
ground truth was made using K-means clustering [193] however, it was not possible to 
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deduce with any confidence which of the several candidate means was correct or even 
eliminate many of the outliers.  For the FBCT-CBCT image pairs exhibiting a wide 
range of registration results the confidence in the mean IR parameters on which the 
calculation of TRE30,max was based was low and consequently the box and whisker plots 
in Figure 36 are merely a qualitative indication that the range of IR errors was large.  
Only 6 out of the 17 FBCT-CBCT image pairs have a less than 25% failure rate and 
consequently a relatively robust measurement of the mean. 
Smitsmans et al. performed IR measurements using the correlation ratio similarity 
metric.  This algorithm was a research version of the 'Elekta Correlation Ratio' 
algorithm on which the commercial Synergy® XVI v4.5 software was based [88].  They 
visually assessed the IR of 32 patients and 332 CBCT scans and found 65% of patients 
were successfully registered.  In their work a registration was successful if the boundary 
of the prostate was within a 3.6mm expansion of the CTV.  For the untransformed 
CBCT scans, studied in this chapter, 12 out of 17 (70%) of scans were registered with 
TRE30,max  < 3.6mm and when the transformed CBCT scans were included the total 
number of successful registrations was 69%.  The numbers presented in this chapter are 
remarkably similar to those of Smitsmans et al. given the relatively low number of 
patients and scans that were studied. 
Of the 17 FBCT-CBCT scan pairs studied only 9 had median TRE30,max  values 
less than 3.6mm and only 4 were such that 90% of all registrations were within 3.6mm.  
Given these statistics it is clear that automatic registration cannot be relied on for on-line 
image guidance of the soft tissues of the prostate without careful validation by the 
operator.  This is in contrast to the head data. 
In this study a margin of 5mm around the GTV marked by the radiologist was 
used.  In most cases this included the base of the seminal vesicles.  In the research 
algorithm used by Smitsmans et al air in the rectum was filtered from the mask 
automatically.  Here the mask was carefully edited so that the rectum was not included.  
The pubic bone and calcifications would also have been removed from the mask if they 
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had been present following the advice of Smitsmans et al.  However, this was not 
necessary.   
For some CBCT images automatic IR may give acceptable results however, for the 
majority, automatic IR will fail and manual registration will be required.  For many of 
the images there was evidence of motion during the scan with artefacts from the tissue–
air interfaces that have moved and blurring.  This made visual identification of the soft-
tissue boundaries of the prostate and surrounding structures very difficult.  In some 
cases even the anterior rectal wall which is a good indicator of a prostates anterior-
posterior position was not well defined.  In these cases manual IR would also have been 
difficult and subject to greater uncertainty.  Consequently, the value of CBCT may not 
be one of accurate image guidance but more an indicator for when intervention is 
required to reduce the likelihood of rectal gas movements.  The use of dietary advice, 
laxatives, antiflatulents or enemas may be necessary. 
7.5 Conclusion 
IR of FBCT-CBCT images of the VHMP phantom have demonstrated a clear cut-
off point of 6mGy below which the likelihood of IR failures increases.  IR with the 
patient images was considerably less robust with large registration uncertainties and 
high failure rates.  Automatic IR should not be used in the image guided process for 
prostates without verification by means of a visual check before treatment.   
7.6 Future work 
The patient images used in this study were acquired in the first year of 
implementation of IGRT at Leeds.  Since then several improvements have been 
introduced that could lead to better IR performance.  Based on the observations of rectal 
dimensions and presence of gas, patients are now given better dietary advice and 
interventions such as the use of laxatives, antiflatulents and enemas are used when 
  
196 
necessary.  This has led to better control of rectal fill state.  FBCT slice widths have 
been reduced to 2.5mm since the images used in this study were acquired which will 
almost certainly reduce the likelihood of systematic IR errors.  Finally, CBCT image 
quality has also improved with the introduction of the bow-tie filter [194] leading to 
improved ‘contrast to noise’ ratio and reduced scatter.  These changes point to the need 
for a repeat study with patient images acquired more recently. 
It was noticed that in some cases small edits of the mask could greatly affect the 
IR result particularly in the region of the seminal vesicles.  Further investigation of the 
optimal mask shape and size would determine if the robustness and precision of the IR 
algorithm can be improved.  
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Chapter 8  
Image registration quality likelihood metrics 
based on similarity metric surface shape 
8.1 Introduction 
In chapters 6 and 7 image registration (IR) uncertainties were measured for 
registration of the skull and the prostate.  One of the motivations for understanding the 
registration uncertainties, the random component in particular, was to determine the risk 
of trusting the result of the algorithm implicitly before correction of patient position.  
This would be of benefit to image guided radiotherapy using on-line correction 
protocols i.e. where patient position is always corrected for any significant misalignment 
before treatment commences.  The clinical risk of trusting the result would be low if the 
spread of registration errors is small relative to the patient set-up error or organ motion 
that is being measured.  The frequency of IR failures would also have to be sufficiently 
small for the clinical risk to be acceptably low.  The benefit of accepting the risk would 
be a decrease in the amount of time required to perform a visual check before 
commencing with treatment.  This could lead to a consequent increase in patient 
throughput and reduction in the cost of treatment.  Furthermore the reduction in time 
between imaging and treatment will reduce the frequency and magnitude of errors due to 
intra-fraction motion. 
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In Figure 28 of Chapter 6 a threshold of 2.5mm was used to distinguish between 
registration successes and failures.  This was based on 90% of all registrations having a 
TRE50 < 2.5mm for individual initial misalignments distributed normally with a 
standard deviation of 1mm and 0.5° respectively.  A short, single observer, study was 
also performed to determine a value of TRE50 above which registrations were classed as 
unacceptable.  With only a cursory view of the image alignment the operator did not 
classify any registrations with a TRE50 < 2.5 mm as unacceptable ('Poor').  In the same 
study the operator found that no misalignment was observed for registrations with 
TRE50 < 0.6 mm ('Good').  For registrations with TRE50 between 0.6mm and 2.5mm, 
classed as 'OK' i.e. not Good but clinically acceptable the operator would be tempted to 
make manual adjustments even though they may not be necessary.  To assist the 
operator in deciding if further improvement of the IR is necessary a user feedback 
metric from the IR would be beneficial. 
In this chapter we first investigate the shape of both the Chamfer match and 
Correlation Ration similarity metrics (SM) (see section 2.4.1) to determine whether 
differences in the characteristics of the SM surface in the vicinity of the global 
minimum would indicate whether an IR is likely to be 'Good' , 'OK', or 'Poor'.  These 
characteristics can be described in terms of a number of evaluation metrics based on 
those previously described by Skerl et al [171].  We then show that these metrics can be 
used to classify the goodness of an IR according to the measured TRE50 as in Chapter 6.  
Furthermore we show that evaluation metrics based on the SM calculated at just a few 
locations of the rigid body parameter space, in the vicinity of the transform parameters 
returned by the IR, can be used to provide feedback to the user on the likely quality of 
an IR. 
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8.2 Materials and Methods 
8.2.1 Phantom and patient data 
The images for seven patients previously treated with radiotherapy were used in 
this study.  Images for each patient included the reference FBCT image and three CBCT 
images.  These were the same images that were used for studying registration 
uncertainties in Chapter 6. 
8.2.2 Sampling the similarity metric 
8.2.2.1 Pre-release XVI v4.5 research mode 
The parameter space of the SM was sampled in the vicinity of the transform found 
by IR of a FBCT-CBCT pair using a special research release of the XVI application.  
This version provided by van Herk (Netherlands Cancer Institute/Antoni van 
Leeuwenhoek Hospital - NKI/AvL) [191] was based on software developed at NKI/AvL 
in preparation for the commercial release of XVI v4.5 early in 2010.  As with version 
4.2 of the software, investigated in Chapters 6 & 7, two IR algorithms were available 
which employed the Chamfer and Correlation Ratio similarity metrics respectively.  The 
software was adapted by van Herk to read in a sequence of three translation and three 
rotation offsets from a data file.  The software applied these offsets to the respective 
rigid transform parameters determined from a previous IR and the SM was calculated at 
this new rigid body transform location.  This was repeated for each offset in the data 
file.  The SM for each rigid body transform was exported to a second data file. 
8.2.2.2 Sampling of the rigid body transform parameter space 
In this study the data file of transform parameter offsets was created by sampling 
profiles along the six cardinal axis of the parameter space.  The offsets for translations 
were equally spaced at intervals of 0.2mm between ± 10mm and thereafter at intervals 
of 1.6mm out to ± 80mm.  The offsets for rotations were equally spaced at intervals of 
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0.05° between ± 5.5° and at intervals of 0.4° out to ± 45°.  Since the profiles were along 
the parameter axis the order of rotation was not important and therefore it was not 
necessary to sample the space using rotation versors and then convert to the Euler angle 
rigid body system used by the Synergy® system.  A scale factor of approximately 40 
between increments of rotation and increments of translation was set empirically so that 
the width of the SM's global minimum along all cardinal axes was approximately equal. 
8.2.2.3 Sub-sampling registration uncertainty datasets based on TRE50 value 
In chapter 6 results of registration uncertainty were presented for IRs using the 
commercial release 4.2 of the XVI software.  Since this study was performed with the 
special pre-release of version 4.5 of the commercial XVI software it was necessary to 
repeat the study of IR uncertainties with this version.  The SM was analysed for only a 
sub-set of the 200 IRs performed with each FBCT-CBCT scan pair.  The registrations 
were grouped on the basis of their TRE50 values.  The registration with the lowest 
TRE50 was selected along with six registrations, selected randomly, with TRE50 in each 
0.5mm interval between 0 and 4mm.  Finally, six with TRE50 > 4mm were selected 
randomly.  If there were insufficient results within a particular TRE50 group (TRE50 
interval) then all data was included in that group. 
8.2.2.4 Calculation of similarity metric samples 
The process of calculating the SM using the research XVI software was automated 
using a script which copied the transformed CBCT into the database and set the 
transform parameters to the values that led to the sub-sampled TRE50 value, before 
running the XVI application to calculate the SM based on the rigid body transforms data 
file.   
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8.2.3 Evaluation of similarity metric profiles 
As described in Chapter 2, Skerl et al [171] used several evaluation metrics to 
measure the performance of IR algorithms.  Some of these metrics were adapted for use 
in this study and these are described in Appendix B.  The global minimum did not 
require any modification and was the lowest value of the SM sampled.   
In the work of Skerl et al., the accuracy of the minimum returned by the IR 
algorithm (ACC) was calculated by finding the distance between the minimum SM 
along a line profile through the rigid body parameter space.  This was repeated for many 
such profiles with random orientations across the parameter space.  The average of all 
these distances was defined as the ACC.  This required that the rotation and translation 
space was normalised such that a unit change in rotation produced a similar 
increment/decrement in SM as a unit change in translation.  However, in the work in 
this chapter, normalisation of the space was not required as the SM profiles were 
sampled along the rigid body parameter axes.  Furthermore, translations and rotations 
may have displayed different characteristics in terms of their affect on IR performance 
and therefore on their potential to provide distinguishing information for the 
classification of good and poor IRs.  For this reason the accuracy was defined separately 
for translations and rotations leading to two evaluation metrics.  The first, ACC_T, was 
the average difference between the location of the minimum SM and the location 
returned by the IR algorithm for the three profiles along the translation axis.  ACC_R, 
was defined similarly for the location of the minimum SM on the three rotation profiles. 
The risk of non convergence (RON) of the optimum was a metric that described 
the shape of the SM in the locality of the global minimum.  RON was defined by Skerl 
et al, for a particular profile, as the average of all positive gradients of the normalised 
SM out to a distance r, from the position of the minimum.  These values were then 
averaged over all profiles sampled.  A low value of RON indicated a broad minima with 
shallower gradients whereas a narrow minima with steep gradients had a high value of 
RON.  For this study, RON was split into two components, similar to ACC; RON_T 
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was defined as the mean risk of non convergence for profiles along the translation axis 
and RON_R was the mean risk of non convergence for profiles along the rotation axis.   
The distinctiveness of the optimum (DO) for a particular profile was the average 
difference in normalised SM between points equidistant from the global optimum at a 
distance, r, from the minimum divided by the distance.  These values were then 
averaged for all profiles.  It was similar to RON but did not take into account the shape 
of the SM profile between the two points either side of the minimum.  It would give the 
same value as RON if the spacing of the samples along the profile was such that the two 
points at ±r were adjacent to the minimum point.  As with RON_T and RON_R, DO_T 
was defined as the mean distinctiveness of optimum for the three profiles along the 
translation axis and DO_R was the mean distinctiveness of optimum for the three 
profiles along the rotation axis. 
The distance r, at which DO_T, DO_R, RON_T and RON_R were calculated, was 
set at 1mm or 0.5°.  The equations and further details of the calculation of DO and RON 
are described in Appendix B.1. 
8.2.4 Classification of image registration quality 
It was clear that there was a distinct difference in the shape of the correlation ratio 
SM profiles between registrations for which the TRE50 was less than 1mm and those for 
which TRE50 was greater than approximately 3mm (Figure 39).  Given that the 
registration error defined by TRE50 showed some degree of dependence on some or all 
the parameters MIN, ACC_T, ACC_R, DO_T, DO_R, RON_T and RON_R it was 
hypothesised that these parameters could be used to predict the registration accuracy 
using machine learning algorithms.  To facilitate the machine learning algorithm the IRs 
were classified as 'Good' (TRE50 <= 0.6 mm), 'OK' (TRE50 > 0.6 mm and TRE50 < 2.5 
mm) and 'Poor' (TRE50 >= 2.5 mm).  These limits of TRE50 were determined using a 
visual classification exercise with one observer.  'Good' was used to classify 
registrations where no error could be detected, 'OK' was used to classify registrations 
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where small differences in alignment could be identified on careful inspection but 
overall the registration was sufficient for treatment while 'Poor' was used to classify 
registrations where there was clear and immediately obvious misalignment which would 
require correction. 
Machine learning was performed using the Waikato Environment for Knowledge 
Analysis (WEKA, v 3.6.2) software (The University of Waikato, Hamilton, New 
Zealand).  A number of algorithms available in the WEKA application were tested 
initially before settling on the BayesNet (Bayesian Networks) algorithm as the one 
providing the best performance using default options.   
The default option for the WEKA BayesNet algorithm was to perform a 10 times 
cross-validation with a different and random split of the data into training and test 
groups for each validation.  However, this method of validation could have led to a 
patient dependent factor affecting the classification and the algorithm only working for 
certain types of patients.  For this reason K-fold cross-validation was performed on a per 
patient basis.  The data for each patient in turn was set as the test data with the 
remaining patient's data used as the training set.  Other default options for the WEKA 
BayesNet algorithm included:  
• the initial network set to be that of a naive Bayesian Network i.e. all 
attribute variables contributing directly to the class variable.   
• the Bayesian Network was learnt using a K2 optimiser [173].  
• a 'Simple Estimator' which uses direct estimates of the conditional 
probabilities to determine the network probabilities. 
8.2.5 Sub-sampling of parameter space (calculation at 25 points) 
Calculation of the SM profiles in this detail was computationally expensive.  
There were 2400 calculations of the correlation ratio per sampled image pair alignment 
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used in this study, with a clipbox set to encompass the skull.  This took approximately 4 
minutes on a 3 Ghz two core processor with 1Gb RAM.  This might be a factor of two 
faster on the current Synergy® system hardware but practically such times might be 
prohibitive as a tool for providing user feedback on the quality of IR.  Given that the 
shape of the SM profiles in the region of the global minimum did not vary dramatically 
between patients it was possible to sub-sample the parameter space and select just 25 
points in fixed positions either side of and including the position found by the IR 
algorithm.  An alternative set of metrics for evaluating the SM profiles were derived 
from the SM values calculated at these 25 positions. 
With X0 defined as the rigid body transform returned by IR algorithm then the 25 
points were located at X0 and at shifts ∆X of ±1mm and ±2mm from X0 along each of 
the three translation axis and also at ±0.5° and ±1° along each of the three rotation axis.  
The parameter space was normalised such that an increment of 1mm or 0.5° gave 
similar increments of SM.  The metrics were as follows: 
1. IsMin25, set to true if the central value was the lowest of all the 25 points. 
2. DO25(1), was the average absolute gradient between the 12 inner points 
adjacent to the central value and the central value. 
3. DO25(2), was the average absolute gradient between the 12 outer points 
and the central value. 
4.  DO(Av), was the average of DO25(1) and DO25(2). 
5. ∆Xmin,25, was the offset from X0 of the lowest of the 25 SM samples 
relative to X0. 
6. SM25(Xmin,25), was the lowest value of the SM found in the 25 samples 
7. SM25(X0), was the SM value at X0 i.e. no shift 
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8. ∆X25,fit, was the position of the minimum found by performing a least 
squares regression, modelling the data as a quadratic function relative to 
X0.  (See appendix B.2.3). 
9. SM25(X25,fit) was the value of the SM at the position of the minimum found 
by least squares regression. 
Classification using the above metrics was repeated using the Bayesian Network 
algorithm as described in 8.2.4. 
8.3 Results 
8.3.1 Registration Uncertainties 
The median TRE50 for repeat registrations with the Chamfer matching algorithm were 
all less than 0.5mm with the exception of registrations of patient 4's images (Figure 37).  
This is approximately half that found using the XVI v4.2 software indicating that 
improvements to the algorithm have been made in the XVI v4.5.  Registration failure 
frequencies (TRE50 > 2.5mm) for all FBCT-CBCT image pairs were all less than 10%.  
The median registration uncertainty TRE50 values using the Correlation ratio were also 
less than 0.5mm apart from two FBCT-CBCT image pairs (Figure 38).  However, all 
image pairs exhibited extended tails in the distribution with failure frequencies between 
10% and 30%.   
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Figure 37. Registration performance for patient head images with the research Synergy 
XVI v4.5 and the Chamfer matching similarity metric.  (a) Box and Whisker 
plot for distributions of target registration error ( )i50 eˆTRE δ measured using 
seven patient head images. Each bar represents repeat registrations of one of 
three CBCT scans with the respective patient's FBCT scan using the 'Elekta 
Chamfer' image registration algorithm in Synergy®.  The box gives the 
median, upper and lower quartiles with a notch indicating confidence 
interval on the median.  The whiskers extend from the 10th to 90th percentile.  
(b) Bar chart showing corresponding registration failure frequencies.   
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Figure 38. Registration performance for patient head images with the research Synergy 
XVI v4.5 and the Correlation Ratio similarity metric.  (a) Box and Whisker 
plot for distributions of target registration error ( )i50 eˆTRE δ measured using 
seven patient head images.  Each bar represents repeat registrations of one 
of three CBCT scans with the respective patient's FBCT scan using the 
'Elekta Chamfer' image registration algorithm in Synergy®.  The box gives 
the median, upper and lower quartiles with a notch indicating confidence 
interval on the median.  The whiskers extend from the 10th to 90th percentile.  
(b) Bar chart showing corresponding registration failure frequencies.   
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8.3.2 Correlation Ratio Similarity Metric Profiles 
For a given image pair, the characteristics of the similarity metric profiles along 
each of the translation and rotation axis were clearly degraded with increasing TRE50 
values (Figure 39).  The minimum value tended to increase, the deviation of the 
minimum from the centre increased and the steepness of the curves decreased as TRE50 
increased.  This is seen more clearly in Figure 40 where the plot has been scaled to 
show only data within ±2.5cm and ± 5°. 
 
 
Figure 39. Examples of correlation ratio SM profiles along the three translation and 
three rotation axis with increasing TRE50, for one patient.  (All TRE50 
values are in mm).  The plots show that in general the minimum value 
increases, the deviation of the minimum from the centre increases and the 
steepness of the curves decreases as TRE50 increases. 
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Figure 40. Examples of correlation ratio SM profiles along the three translation and 
three rotation axis with increasing TRE50, for one patient.  Plot range has 
been scaled to focus on the SM profile near the global minimum.  (All 
TRE50 values are in mm.  The last curve is not captured within the range of 
the y-axis).  The plots show that in general the minimum value increases, the 
deviation of the minimum from the centre increases and the steepness of the 
curves decreases as TRE50 increases. 
 
Correlation ratio similarity metric profiles were calculated for the mean transform 
of all successful registrations (Figure 41).  The range of minimum values was [-0.93 to 
-0.85].  This cannot be entirely attributed to variations in patient anatomy as the SM 
profiles for the mean transform of one patient was also shown to exhibit a similar 
variation [-0.9 to -0.83] of minimum values between FBCT-CBCT image pairs (Figure 
42).  Although for the other patients the range was typically much less. 
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Figure 41. Correlation ratio similarity metric profiles centred on the mean image 
registration transform (TRE50 = 0) with the first FBCT-CBCT image pair of 
each patient. The plots show a range of [-0.93 to -0.85] in the minimum 
value between patients. 
8.3.3 Classification results 
The Bayesian network classifier was able to correctly classify 84% of all the 
sampled IRs based on the evaluation metrics of the full profiles calculated with the 
Correlation Ratio similarity metric (Table 12).  Crucially, no registrations which were 
actually poor, based on having a TRE50 > = 2.5, were classified as 'Good' and only 5% 
were classified as 'OK'.  Also, no registrations which were actually good were classified 
as poor although 4% were classified as OK.  The classification using the 25 point 
evaluation metrics were similar but one registration which was actually poor was 
classified as being good (Table 13).  Another 4% were classified as being 'OK'.  The 
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classification results for the chamfer matching algorithm gave a similar level of 
performance as those for the correlation ratio (Table 14 & Table 15). 
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Figure 42. Correlation ratio similarity metric profiles centred on the mean image 
registration transform (TRE50 = 0) for the first three FBCT-CBCT image 
pairs of patient 1. The plots show a range of [-0.9 to -0.83] in the minimum 
value between patients. 
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Table 12. Confusion table showing classification of TRE50 values using a Bayesian 
network based on the similarity metric full profile evaluation metrics for image 
registrations performed using the correlation ratio. 
  Actual 
  
Good 
TRE50<=0.6 
OK 
0.6<TRE50<2.5 
Poor 
TRE50>=2.5 
Good 143 (30) 25 (5%) 0 (0%) 
OK 19 (4%) 118 (25%) 22 (5%) Classified As 
Poor 0 (0%) 14 (3%) 138 (29%) 
 
Table 13. Confusion table showing classification of TRE50 values using a Bayesian 
network based on the similarity metric 25 point evaluation metrics for image 
registrations performed using the correlation ratio. 
  Actual 
  
Good 
TRE50<=0.6 
OK 
0.6<TRE50<2.5 
Poor 
TRE50>=2.5 
Good 134 (30) 20 (5%) 1 (0%) 
OK 22 (4%) 108 (25%) 19 (4%) Classified As 
Poor 0 (0%) 14 (3%) 129 (29%) 
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Table 14. Confusion table showing classification of TRE50 values using a Bayesian 
network based on the similarity metric full profile evaluation metrics for image 
registrations performed using the chamfer match. 
  Actual 
  
Good 
TRE50<=0.6 
OK 
0.6<TRE50<2.5 
Poor 
TRE50>=2.5 
Good 129 (35%) 23 (6%) 0 (0%) 
OK 40 (10%) 58 (15%) 9 (2%) Classified As 
Poor 0 (0%) 37 (10%) 89 (23%) 
 
Table 15. Confusion table showing classification of TRE50 values using a Bayesian 
network based on the similarity metric 25 point evaluation metrics for image 
registrations performed using the chamfer match. 
  Actual 
  
Good 
TRE50<=0.6 
OK 
0.6<TRE50<2.5 
Poor 
TRE50>=2.5 
Good 111 (32) 15 (4%) 0 (0%) 
OK 28 (8%) 51 (14%) 6 (2%) Classified As 
Poor 6 (2%) 46 (13%) 89 (25%) 
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8.4 Discussion 
In this chapter, the IR uncertainties were quantified using TRE50 for the two IR 
algorithms based on Chamfer matching and Correlation Ratio.  While the random error 
was small for both algorithms there were a significant number of registrations with 
TRE50 > 2.5mm.  Similarity metric profiles centred on the IR rigid body transform 
parameter output were calculated for a selection of the IRs.  This demonstrated that no 
single characteristic of the profiles, such as the minimum value, would have been 
sufficient to classify the registrations as 'Good', 'OK' or 'Poor'.  A preliminary study was 
performed to determine if machine learning could classify the registrations based on the 
inter-dependence of the 479, full profile SM evaluation metrics.  The 84% correct 
classification of the Bayesian network, with no classifications of 'Good' as 'Poor' or 
'Poor' as good was very promising.  The classification performance when SM evaluation 
metrics were based on 25 points was similar to the performance with the six cardinal 
axis profiles.  This would enable a classification, based on 25 points, to be made at the 
end of every IR without excessive additional computational time.   
In practice classification methods such as the method presented here based on 
calculating the Correlation Ratio at 25 points could be used by the operator to augment 
the decision making process of whether an IR has been performed with sufficient level 
of accuracy.  The feedback would only be of benefit if it were to speed up the decision 
making process.  This would be the case if the operator chose to accept all the 
registrations classified as 'Good' and only perform a cursory visual examination.  If the 
operator also chose to accept all those that were classified as 'OK' then 2% of these 
would in fact be 'Poor'.  As shown in this work such mis-registration results are in-
frequent.  Furthermore, the operator is likely to detect a mis-registration if the TRE50 
was much greater then 2.5mm and, in any fractionated radiotherapy treatment, the effect 
of accepting a mis-registration with TRE50 just a little greater than 2.5mm would be 
minimal if only a few fractions were affected.  The 3% mis-classification of registrations 
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that are actually 'OK' but classified as 'Poor' is safe because the operator would be 
prompted by the feedback to assess the registration more carefully. 
This was a preliminary investigation to determine whether meaningful feedback on 
the quality of an IR based on characteristics of the similarity metric could be achieved.  
The results show great promise but there is potential for improvement.  The evaluation 
metrics may not be optimal to distinguish the difference between 'Good', 'OK' and 'Poor' 
registrations.  For instance the choice of 1mm, 0.5° for the calculation of DO_T, DO_R, 
RON_T and RON_R.  The spacing of the 25 point samples may also not have been 
optimal. Points at ±1mm and ±2mm were chosen as these were similar to the TRE50 
thresholds used to categorise the registrations as 'Good', 'OK' and 'Poor'.  For instance, 
sampling points at ±3mm might have improved classification of TRE50 near the 2.5mm 
threshold.   
The use of profiles only along the six cardinal axis of the parameter space would 
have limited the accuracy with which the global minimum was located.  Diagonal 
profiles through the sample space might have improved the correlation of the ACC, DO 
and RON based evaluation metrics with the TRE50 value and therefore the classification 
performance.  However, this would have been at the expense of increased computational 
time. 
Given the rate at which computer calculation speeds are increasing year on year, 
concern over calculation time may be unfounded.  However, determining the minimum 
number of SM calculation points and their optimal locations without compromising 
classification accuracy is an interesting question.  Fast methods with fewer SM 
calculation points are more likely to be implemented in clinical practice without the 
need to upgrade computer hardware. 
The BayesNet algorithm in the Weka software was chosen as it gave better results 
than the other Bayesian based algorithms (NaiveBayes and NaiveBayesSimple) and 
support vector machine algorithm (SMO).  The default parameters for these algorithms 
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were used in each case and it is possible that optimisation of these parameters could 
improve classification results.  This is particularly the case for the support vector 
machine algorithm where the width of the kernels has a large influence on performance.  
Further work would be required to determine the optimum classifier for this dataset. 
No attempt was made to determine the sensitivity of the machine learning 
algorithm to the evaluation metrics.  It is possible some of the evaluation metrics could 
be left out without affecting the classification results.  In addition no attempt was made 
to determine the sensitivity of the machine learning algorithm to the thresholds of TRE50 
chosen. 
There was only a modest attempt to select equal number of 'Good', 'OK' and 'Poor' 
registrations for the machine learning.  However, the numbers of 'Good', 'OK' and 'Poor' 
were fairly evenly distributed for the Correlation Ratio metric but weighted towards the 
'Good' registrations for the Chamfer matching algorithm. 
This study was limited by the inclusion of only 7 patients.  More patients need to 
be studied to determine if these results are robust and can be generalised to the entire 
population. 
The user feedback was performed for both the correlation ratio and chamfer match 
similarity metrics.  It may not be necessary to use exactly the same similarity metric as 
that used in the original IR.  The developers of IR algorithms often make compromises 
in the calculation of the similarity metric in order to increase the speed of the algorithm 
e.g. the number of random points chosen to calculate the joint histogram may have been 
minimised.  Performance of the classifier may increase if the number of randomly 
sampled points were to be increased when calculating the SM for the SM evaluation 
metrics. 
The potential for user feedback on the quality of an IR was demonstrated for IR of 
the skull.  The same methods were used to classify the IRs of the prostate patients 
however, the performance of the IR was variable between patients (Chapter 7, Figure 
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36), and there was a lack of a reasonable estimate of the ground truth by calculation of 
the average of multiple registrations.  This made the classification task impossible and 
the results unsurprisingly were poor.  It is clear that the automatic IR is more difficult 
for the prostate than it is for the skull.  This is probably due to the image content having 
little contrast between the prostate and surrounding tissues and being plagued by image 
blurring and artefacts due to patient motion, in particular the motion of air in the rectum.  
Image acquisition for this site remains a challenge, as does the performance of the IR 
algorithms.  User feedback on the quality of a prostate IR would be of great benefit if it 
could be made possible. 
8.5 Conclusion  
The similarity metric (SM) calculated for profiles along the cardinal axis of the 
three translation and three rotation axis of the rigid body transform parameter space 
were evaluated.  None of the SM profile evaluation metrics (minimum value, accuracy, 
risk of non convergence, distinctiveness of optimum), calculated with the correlation 
ratio, were able to singularly predict the known target registration error (TRE50).  
Supervised machine learning using a Bayesian Network with all the SM profile 
evaluation metrics as inputs, was able to correctly classify 84% of all the sampled IRs 
into three levels: 'Poor', 'OK' and 'Good'.  No 'Poor' registrations were classified as 
'Good' and no 'Good' registrations were classified as 'Poor'.  Furthermore, a similar level 
of classification performance was achieved based on similarity evaluation metrics 
derived from the SM calculated at just 25 points in the vicinity of the transform returned 
by the IR algorithm.  This demonstrates that it is feasible to provide user feedback on 
the quality of an IR.  Such feedback could give confidence to the user that an IR is of 
acceptable quality and remove the need for a visual check. 
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8.6 Future work 
The methods described above show that it is feasible to use a machine learning 
algorithm to create a classifier which determines the likelihood that an IR is of good 
quality, in order to provide feedback to the user.  Further optimisation of these methods 
could improve the performance of the classifier.  For instance, a number of questions 
remain unanswered.  Is the BayesNet algorithm the most appropriate? If so, do the 
default parameters give the best results? What is the optimal number and location of 
similarity metric calculation points? 
Any future work would benefit from a larger sample of patient data to ensure the 
methods are sufficiently generalised.  In order to provide user feedback for IR in other 
anatomical sites these methods would need to be adapted and optimised with supervised 
learning based on appropriate training images for that site. 
The lower and upper limits of 0.6mm and 2.5mm on the TRE50 IR quality metric, 
which were determined from a simple single observer study, gave a good starting point 
for this study, but may not be optimal. The performance of human observers in 
performing IR and assessing IR quality is relatively unknown in image guided 
radiotherapy.  To fully determine the value of the methods devised in this study the 
performance of a human observer study would be required to determine the acceptability 
of an image registration for clinical use.  Such a study would need to limit the time 
available to the observer.  This would allow comparison of the automatic user feedback 
methods presented here with observer performance. 
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Chapter 9  
Conclusions and future work 
9.1 Conclusions 
The aim of this thesis was to address the hypothesis that, 
"the residual geometric uncertainties in the IGRT process, 
introduced by the IGRT equipment, are sufficiently small that they do not 
pose a risk of significant geometrical error in treatment delivery." 
This was achieved by investigating the key causes of potential error of image 
geometrical accuracy, image registration performance and automatic couch positioning 
accuracy.  Methods of measuring system performance including reproducibility and 
accuracy were developed and new metrics devised where necessary.  These were 
employed to quantify the geometric uncertainties arising from the key components of 
the IGRT system.  In general, the geometric uncertainties measured were less than 1mm 
and were therefore considerably less than the remaining geometrical uncertainties in 
IGRT e.g. target volume delineation errors are typically greater than 2mm.  However, 
the uncertainties arising from image registration when the required anatomical structures 
were not imaged with adequate quality to reproducibly and robustly perform image 
registration were significantly greater than 1mm.  Automatic image registration of the 
prostate was found to be unreliable for many of the CBCT images investigated in this 
study.  
  
220 
In the particular instance of IGRT for intra-cranial tumours the hypothesis can be 
accepted. However, a larger than normal geometric error could arise from each of the 
three identified components simultaneously and this should be considered. Given the 
observed measurements in chapters 3, 5 and 6, the CBCT-MV isocentre error could be 
as large as 0.8 mm, the couch positioning error could be 1mm and the image registration 
error could be 2mm. In this instance the combined error would be 3.8mm which would 
be a significant contribution to the overall error. However, it would be unlikely that such 
an error is systematic throughout the course of treatment. But it does highlight the 
importance of regular checks to ensure good geometrical calibration of the CBCT-MV 
isocentre and the need to carefully identify and reduce any significant misalignments 
after automatic image registration when performing radiotherapy with low numbers of 
fractions. 
In the case of IGRT for prostate radiotherapy then the geometric errors arising 
from CBCT-MV isocentre and couch positioning are insignificant relative to the 
remaining geometric uncertainties in the process. However, the image registration errors 
are proportionately large and therefore the hypothesis cannot be accepted. 
9.1.1 Chapter 3 - Quantification of misalignments in cone beam CT based 
IGRT equipment 
CBCT-MV isocentre alignment measurements, performed over a two year period, 
were reviewed showing that alignment was accurate to 0.2 mm and reproducible with a 
standard deviation of 0.3 mm.  The maximum observed misalignment in any direction 
was 0.5 mm.  This demonstrates the Synergy® system imaging geometry is stable and 
reproducible over time and there is no requirement to re-calibrate, by re-acquisition of 
flex-maps, at frequencies greater than the manufacturers recommendation of once per 
year.  The consequence of these findings are: 
• the system is suitable for performing stereotactic body radiation therapy as per 
AAPM task group report 142 [8] with CBCT-MV alignment errors less than 
1mm. 
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• the errors are sufficiently small that they do not contribute significantly to the 
total margin, when combined in quadrature, with other known uncertainties in 
treatment plan preparation and delivery with standard deviations of 1 mm or 
greater. 
The review of seven months 2D kV panel position measurements indicated that 
the reproducibility of the measurement was not adequate to ensure alignment within 
1mm.  Investigation of outliers showed misalignments of 1.5mm were not predictive of 
measurements of CBCT-MV alignment and image sharpness.  The reliability of these 
measurements was therefore questionable. 
The additional research question,  
"Can the methods of measuring geometric stability of a CBCT based 
IGRT system using a commercially available phantom be improved and 
automated to; (a) improve accuracy to ensure alignment between CBCT 
image and MV beam is within 1mm and (b) improve efficiency of 
measurement by integration of tests on one phantom?", 
 was also investigated.  The methods for measuring CBCT-MV isocentre 
alignment with the QUASAR™ Penta-Guide phantom were shown to be equivalent to 
the previous method using a ball bearing and the software tool in the XVI Synergy® 
software.  Measurement of CBCT-MV isocentre alignment with the Penta-Guide 
phantom has the potential to be implemented on any integrated kV-CBCT based IGRT 
system making it manufacturer independent.  Furthermore, a measurement of image 
sharpness can also be performed using the CBCT images acquired of the Penta-Guide 
phantom during the CBCT-MV alignment measurement.  The combined CBCT-MV 
alignment and image sharpness measurements could significantly reduce the time 
required to perform these measurements as part of a programme of quality control 
checks to ensure safe use of CBCT based IGRT systems. 
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The image sharpness measurement performed on the Penta-Guide phantom was 
able to infer systematic misalignment of the kV tube and imaging panel, greater than 
0.4mm, in a direction perpendicular to the rotation axis.  Such misalignments would not 
be detected by the CBCT-MV alignment test and could cause noticeable deterioration of 
image quality. 
 
9.1.2 Chapter 4 - Target Registration Error 
In chapter 4, a novel method of calculating the target registration error is proposed 
based on the mean displacement of points on the surface of a sphere with relevant 
diameter.  The method has some advantages over other methods previously reported, 
such as the mean displacement of arbitrary points or the mean displacement of a grid of 
points spanning the imaged field of view.  Its design facilitates the interpretation and 
analysis of image registration errors and the choice of sphere diameter which is centred 
on the megavoltage isocentre increases its relevance to the clinical setting.  The target 
registration error was used to condense the six parameters of the rigid body transform 
error into a single metric.  This enabled the analysis of both couch position error in 
chapter 5 and image registration errors in chapters 6 and 7 and was also used as a metric 
of image quality for supervised training in chapter 8. 
 
9.1.3 Chapter 5 - Measurement of automatic patient support movement 
accuracy 
A novel method for measuring the accuracy of relative couch movements on both 
the Synergy® and Hexapod couch systems was developed and analysed using the 
concept of TRE50 as described in Chapter 4.  The typical median TRE50 couch position 
errors were between 0.5 mm and 0.7 mm for the Hexapod system with maximum 
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measured TRE50 errors of 1.1mm.  These errors are small in comparison with other 
uncertainties in the radiotherapy process.   
 
9.1.4 Chapters 6 and 7 - Measurement of automatic image registration 
uncertainties for intra-cranial and prostate tumours. 
In chapter 6 the accuracy, precision and robustness of image registration was 
studied for intra-cranial tumours while in chapter 7 precision and robustness were 
studied for image registration of the prostate.  Techniques for performing such 
measurements on commercial software without access to the source code of the 
registration algorithm were developed.   
In the case of intra-cranial tumours the accuracy assessed using the skull phantom 
(Section 1.3.2) and defined in terms of TRE50 was significantly less than 0.5mm if the 
CT slice width was less than or equal to 2.5mm.  The precision (reproducibility), based 
on patient images (Section 1.3.3), was such that the TRE50 was less than 1.3 mm for 
90% of patients if the initial patient set-up errors were typical of those observed in 
clinical practice i.e. < 3mm and 3°.  There were also no registration failures.  For intra-
cranial tumours, a random target registration error (TRE50) of up to 2.5 mm would be 
considered reasonable.  The risk of registration failure in this group is very low and a 
visual check could be considered unnecessary.  Note, a target registration error of 
2.5mm, on the surface of a 50mm radius sphere, is equivalent to a 1 mm error in each of 
three orthogonal directions combined with a 0.5° rotation.  This should be a more than 
adequate upper limit even for intracranial stereotactic radiotherapy treatments where 
accuracy is paramount.  However, a focussed visual check to catch target registration 
errors noticeably greater than 2.5mm can be performed quickly and should not add 
significantly to the overall decision to treat.  It would therefore be prudent to maintain a 
visual check as an additional safety measure.   
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For prostates the soft tissue image registration performance lacked robustness.  
This made the measurement of precision difficult, except with images of a phantom or 
for certain pairs of FBCT and CBCT patient images where prostate definition was 
sufficient to enable image registration.  For this reason a visual check of image 
alignment is a definite requirement and there is a high likelihood that manual adjustment 
will be required. 
In both chapters 6 and 7 the additional research question,  
"What is the relationship between image registration performance 
and image quality and is there an optimum exposure setting which 
minimises the radiation dose of imaging while maintaining adequate 
performance of image registration for the image guidance task?",  
was investigated.  The imaging dose was reduced to determine the relationship 
between imaging dose and image registration performance.  For the prostate, the image 
registration performance began to deteriorate rapidly for imaging doses less than 6 mGy.  
However, since the automatic image registration performance was poor for patient 
images it would seem that the appropriate practical imaging dose should be that required 
by the users for manual image registration.  For intra-cranial tumours the limit at which 
image registration performance started to deteriorate rapidly (with decreasing image 
dose) was not found even at extremely low doses of 8 µGy.  There was a slight 
deterioration for imaging doses less than 0.4 mGy.  Since 8 µGy is extremely low in the 
context of the dose received by the patient from radiotherapy it would seem unnecessary 
to reduce the dose further.  Hence, a dose of 0.4mGy could be considered as optimum.  
This is a factor of ten lower than that which can be set under normal operation of the 
clinical system.   
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9.1.5 Chapter 8 - Image registration quality likelihood metrics based on 
similarity metric surface shape 
In chapter 8, the feasibility of providing user feedback on the quality of the image 
registration in order to provide confidence to the user that an image registration is of 
acceptable quality for clinical use was investigated.  The similarity metric (SM) was 
calculated for profiles along the cardinal axis of the three translation and three rotation 
axis of the rigid body transform parameter space.  These SM profiles passed through and 
were centred on the position returned by the image registration algorithm.  In some cases 
this was very close to the global maximum and in others further away.  The target 
registration error was used as a measure of the quality of the image registration.  The 
profiles were characterised by means of evaluation metrics such as the minimum value, 
accuracy, distinctiveness of optimum and risk of non-convergence.  Supervised machine 
learning was used to train a classifier based on Bayesian Networks to distinguish the 
quality of an image registration which utilised the evaluation metrics of the SM profiles.  
The classifier was able to correctly classify 84% of all the sampled image registrations 
into three levels: 'Poor', 'OK' and 'Good'.  No 'Poor' registrations were classified as 
'Good' and no 'Good' registrations were classified as 'Poor'.  This demonstrates that it is 
feasible to provide user feedback on the quality of an image registration.  Such feedback 
could give confidence to the user that an image registration is of acceptable quality and 
remove the need for a visual check. 
 
9.2 Future Work 
The precision of image registration was found to be high (TRE50 < 0.5 mm) in the 
head with the 'Elekta Correlation Ratio' algorithm but slightly less robust than with the 
'Elekta Chamfer' algorithm.  The 'Elekta Chamfer' algorithm which has the advantage of 
being much faster to compute was less precise.  Arguably, the application of the 'Elekta 
Chamfer' algorithm alone is sufficient for most intra-cranial applications but for 
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stereotactic applications where greater accuracy is required application of the 'Elekta 
Chamfer' algorithm first, followed by the 'Elekta Correlation Ratio' algorithm is likely to 
be optimal. This would have the advantage of greater speed than using the 'Elekta 
Correlation Ratio' algorithm alone because the 'Elekta Chamfer' algorithm would 
provide a more optimal starting position for optimisation using the 'Elekta Correlation 
Ratio' algorithm.  It would also reduce the number of registration failures.  This was not 
tested in Chapter 6 but should the hypothesis be proven the method could be of clinical 
benefit. 
In the prostate, a clear dose relationship with image registration precision was 
observed.  This will help optimise the exposure settings in clinical practice to facilitate 
automatic image registration.  However it is clear from the image registrations on 
patient images that reduced image quality due to patient motion during scanning and 
deformation of the prostate is a problem for this clinical site.  A repeat of this study 
would be interesting to determine if, the controls implemented by radiographers to 
ensure that rectal diameter is not large for the FBCT scan, and that dietary advice is 
adhered to, has been effective.  The reduction of FBCT slice width since the acquisition 
of the images used in Chapter 7 may also improve the robustness of the image 
registration of prostates.  Given adequate image quality the performance of the 
algorithm with changes to the size and shape of the mask would also be a line of future 
investigation. 
In 2009, a stereotactic technique for treating lung patients with hypo-fractionated 
radiotherapy was implemented at SJIO.  Since the dose per fraction is very large and 
there are only 3-5 fractions it is critical that the dose is delivered to the correct place.  
For this reason the technique is heavily dependent on cone beam CT imaging for 
guidance.  Until recently, the image registration has been performed manually but, with 
the introduction of the region-of-interest based image registration of XVI v4.5, 
automatic image registration is being considered.  A study of the performance of the 
image registration as performed in chapters 6 and 7 for the head and prostate could 
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reassure the operators (radiographers) that the algorithm is safe to use.  Automatic 
image registration has the potential to make the image matching process more efficient 
and thereby reduce treatment times for these treatments.  Furthermore, the introduction 
of user feedback such as that developed in Chapter 8 would be of benefit in this 
treatment site. 
The lack of data on the inter- and intra-operator variability of image registration 
for image guidance with CBCT images makes comparison between automatic and 
manual methods impossible.  There is also little data on the fundamental limits of an 
observer to detect misalignments of images and how this might be affected by: the 
visual representation of the registered images; how the operator interacts with the 
images; and the quality of the image data.  This also makes it impossible to know 
whether an expert observer can reliably define an image registration as a gold standard 
in order to bench mark automatic algorithms.  The level of expertise of the operator is 
also an unknown quality in the detection of image misalignment.  While these studies 
are difficult, the use of methods such as those by Fitzpatrick et al [132] would be 
valuable research in an effort to improve the quality of IGRT.  The VHMP phantom 
used in chapters 5 and 7 would also be a useful tool for these studies.  For instance, it 
might not be safe practice to reduce imaging dose so low that an operator cannot reliably 
validate visually the image registration, even if the automatic algorithm is highly robust 
and very precise. 
The classification of image registrations (Chapter 8), based on analysis of the 
similarity metric over the parameter space in the vicinity of the optimum found by the 
algorithm, warrants a more thorough investigation.  The methods need further 
optimisation e.g. choice of spacing for the 25 sample points, calculation of the SM 
evaluation metrics and the choice of Bayesian networks as a machine learning 
algorithm.  Application of these methods to other clinical sites such as the lung and 
spinal vertebrae would also have value. 
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Deformable image registration is becoming available in commercial products.  
This will enable image registration of PET-CT and MR images to a planning FBCT to 
improve the accuracy of target and organ at risk delineation.  Deformable image 
registration is also likely to be used in adaptive radiotherapy strategies and calculation 
of cumulative dose distributions for dose response prediction.  Automatic feedback from 
the algorithm indicating areas of potential misalignment will be of immense value to aid 
the operator in the process of validating individual image registrations. 
For intra-cranial tumours the treatment errors after correction of patient position 
based on CBCT image guidance are less than 1mm.  Treatment beam errors such as 
radiation dose accuracy, MLC leaf calibration and dose calculation errors are also of a 
similar magnitude.  This leaves the accuracy of the target delineation as the greatest 
uncertainty in the radiotherapy process.  Target delineation leads to systematic errors 
which have greatest impact on the size of the margin required [21,22].  Accuracy of 
target delineation is also the most difficult to quantify and is therefore less well 
understood.  With pre-IGRT margin sizes an under estimate in the delineation 
uncertainty would have been partially compensated by the larger margin required to 
encompass the greater uncertainties of patient set-up.  With margins based on accurate 
IGRT the probability of the target not being covered due to target delineation error will 
be greater.  For this reason margin reduction due to IGRT processes should be treated 
with extreme caution and should be the subject of controlled clinical trials.  It also 
highlights the need for better understanding of target delineation errors.  MRI and PET-
CT imaging modalities will play an important role here. 
9.3 Impact and novel contributions 
The work of Chapter 3 was published in Physics in Medicine and Biology in 2008 
[71].  The CBCT-MV isocentre method was subsequently used in a national evaluation 
of IGRT equipment which demonstrated its transferability to a CBCT based IGRT 
system from another manufacturer [195]. 
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The methods of the CBCT-MV alignment and image sharpness checks are being 
further developed by a company that specialises in quality assurance software for 
diagnostic and radiotherapy imaging applications.  The software is currently undergoing 
a phase of clinical validation before being introduced as a weekly check.  With the 
Penta-Guide phantom introduced into clinical practice for quality assurance, regions of 
interest within the air and the acrylic body of the phantom will be monitored in order to 
calculate the contrast to noise ratio.  It is not certain at this time how useful this 
information will be, but it has the potential to detect sudden changes and trends in the 
performance of the X-ray generating system.  The commercialisation of the methods 
presented in Chapter 3 will help make them available to the radiotherapy medical 
physics community.  In addition, a programme of work to review the existing quality 
assurance programme of tests performed daily, at Leeds, is underway.  The existing tests 
use custom built equipment and have been unchanged for many years.  The IGRT 
checks, also performed on a daily basis are performed using the Penta-Guide phantom.  
There is potential to perform all the tests using just the Penta-Guide phantom.  In doing 
so, any redundancy in the tests will be removed thereby improving the efficiency of 
performing daily quality assurance tests.  It is hoped, ultimately, that this will increase 
the number of fractions that can be delivered per day on an IGRT treatment system. 
The work presented in chapter 6 investigating image registration uncertainties with 
images of a head phantom and patient images of the head was reported in Physics in 
Medicine and Biology in 2009 [196].  Subsequently, dual quaternions were used to 
improve the analysis and interpretation of the image registration performance data.  The 
use of dual quaternions for rigid body error calculations is a unique contribution to the 
analysis of image registration errors in image guided radiotherapy and could be 
published in a suitable journal. It is also intended to disseminate the results of image 
registration of the prostate performed in Chapter 7. 
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The feasibility study of chapter 8 which investigates a method for user feedback on 
the quality of image registration to aid decision processes has great potential. This work 
will form the basis of a journal article. 
In appendix A.7 a procedure for converting between two systems for specifying 
rigid body transforms was devised.  It would be beneficial to other medical physicists 
working with these systems to publish this, as a technical note perhaps, in one of the 
medical physics journals. 
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Appendix A  
Rigid body transformations: notation and 
conversion 
A.1 Introduction 
In chapters 5, 6 and 7 errors between known and measured rigid body transform 
parameters are calculated.  The measured transform parameters are based on the IEC 
1217 coordinate scheme where the angles are presented as Euler angles [197].  The 
known or applied transform parameters use the coordinate scheme of the 
VersorRigid3DTransform class of the ITK 3.12 software.  These are the parameters 
chosen to transform either the CT reference image set (Chapter 5) or CBCT image 
(Chapter 6,7).  A third notation for representing rigid body transformations called a Dual 
Quaternion is also used in these chapters for the purpose of calculating the image 
registration errors.  The coordinate systems and notation are described in sections A.2, 
A.3 & A.4.  The theory of calculating the mean using dual quaternions is presented in 
section A.5 and the transform error in section A.6. 
Conversion between the Synergy® system's rigid body transform parameters and 
that of the ITK VersorRigid3DTransform class is performed extensively in chapters 4 
and 5.  Section A.7 reports on the investigations required to establish the 
correspondence between the two sets of parameters and the method of converting 
between them. 
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A.2 Rigid body transforms represented by Euler Angles as used by 
the Synergy® XVI software 
The system for representing rigid body transforms employed by most image 
guided radiotherapy systems is based on Euler angles [197].  A rigid body 
transformation is described by rotation about a fixed point followed by or preceded by a 
translation.  The translation is described by three parameters which give the distances 
along each of the three cardinal axis.  Euler angles are described by the sequential 
application of three angles of rotation about the origin of the three cardinal axis of the 
coordinate system.  Application of the rotations is non-commutative therefore the order 
of the rotations is important.  It is also necessary to define the centre of rotation.  If the 
centre is not the origin then the coordinate system needs first to be translated by the 
vector of the rotation centre and then translated back after the rotation.  The order of 
translation and rotation is also important as a rotation about the origin followed by a 
translation is not the same as a translation (which changes the centre of rotation) 
followed by a rotation. 
In radiotherapy there are several standard coordinate systems.  In this work the 
Synergy® system has been set to operate using the IEC 1217 coordinate system [56] 
(Figure 43).  In this work the symbols Tx, Ty, Tz, θx, θx, and θx will be used to represent 
the measurements as presented by the Synergy® system. 
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Figure 43. The IEC 1217 coordinate system as applied to the Elekta Synergy® system.  
Picture taken from the Elekta Synergy®, Clinical Mode User Manual for 
XVI R4.2 
 
A.3 Rigid body transforms represented by Euler parameters or 
Versors as used by ITK 
Euler parameters represent a 3D rotation as a single angle of rotation (ψ ) about an 
axis described by a unit vector ( nˆ ).  The parameters can be represented as a unit 
quaternion (qo, q1, q2, q3) where, 
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2
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A quaternion is represented by four numbers however as rotations are unit 
quaternions Equation 13 applies and any one of the four parameters can be derived from 
the other three.  In the ITK VersorRigid3DTransform class the rotation is described by a 
Versor which is the last three parameters of the quaternion q1, q2, q3 which describes 
both the direction of the axis of rotation and the magnitude of the rotation.  The rotation 
constitutes the first three parameters of the VersorRigid3DTransform class with the 
second three parameters being the translation component. 
A.4 Rigid body transforms represented by Dual Quaternions 
An alternative representation of rigid body transforms which is used extensively in 
the aeronautic, computer graphics [162,163] and robotics [164,165] industries is that of 
dual quaternions.  Dual numbers are similar to complex numbers.  The two parts to the 
number are called the non-dual and dual parts instead of real and imaginary.  A dual 
number is expressed as εεaaa += 0ˆ where 0a  is the non-dual part, εa  is the dual part and 
ε  is the dual unit.  Unlike complex numbers where 12 −=i , for dual numbers 02 =ε .  A 
dual quaternion is such that both dual and non-dual quaternions are themselves 
quaternions.  A special case of the dual qautaernion is the unit dual quaternion which 
can be used to represent rigid body transforms.  The non-dual quaternion represents the 
rotation component and the dual part represents the translation.  A unit dual quaternion 
satisfies 1qˆ =  and 0q,qo =ε , where εq,qo  is the  cross product of the dual and non 
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dual quaternion components.  Table 16 and Table 17 summarise dual number and dual 
quaternion algebra respectively and Table 18 shows how dual quaternions can be used 
to represent rigid body transforms.  The equations have been extracted from a tutorial on 
dual quaternions provided as an appendix to a paper by Kaven et al. [163] and from the 
website by Baker [198]. 
Table 16. Dual number algebra. 
Dual number 
conjugate εεaaa −= 0ˆ  
Dual number 
multiplication 
( )( ) ( )000 babababbaa ooo εεεε εεε ++=++  
Conjugate of 
two dual 
numbers 
baba ˆˆˆˆ =  
Inverse of a 
dual number 2000
11
a
a
aaa
ε
ε
ε
ε
−=
+
 
Square root of 
dual number o
oo
a
a
aaa
2
ε
ε εε +=+  
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Table 17. Dual quaternion algebra. 
Conjugate of 
dual quaternion 
Multiple definitions. 
**
0
*
ˆ εε qqq +=  for reversing multiplicands e.g. ( ) *** ˆˆˆˆ qppq =  
**
0
*
ˆ εεqqq −=  for transformation e.g. *ˆˆ qPqP t =  where P is a set of 
points transformed to tP  
Dual 
quaternion 
multiplication 
If qˆ  and pˆ  are two dual quaternions,  
( )
( )kjikjip
kjikjiq
87654321
87654321
ˆ
ˆ
pppppppp
qqqqqqqq
+++++++=
+++++++=
ε
ε
 
pqn ⋅=  where  
( )kjikjin 87654321ˆ nnnnnnnn +++++++= ε  
Since ij does not commute i.e. jiij <>  and ( ) kij εε = does not equal 
( ) kji εε −= i.e. does not associate we get the following table of 
products between the individual terms of the two dual quaternions. 
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Dual 
quaternion 
norm 
q
qq
qq oo
ε,
ˆ +=  
Conjugate of 
product 
( ) *** ˆˆˆˆ pqqp =  
Norm of 
product 
qpqp ˆˆˆˆ =  
 
Table 18. Representation of rigid body transforms using unit dual quaternions. 
Dual 
quaternion for 
pure rotation kqjqiqqq
q
o 3210qˆ
0
+++==
=ε
 
Dual 
quaternion for 
pure 
translation by 
vector ( )21 t,t,to  
( )kjit 321 ttt21ˆ +++=
ε
 
Rigid body 
transform with 
rotation  
( )
( ) 0321o
3210
ttt
2
tttt
2
1ˆˆ
qkjiq
qkjiqtq o
+++=






+++==
ε
ε
 
Transforming 
points 
*
ˆˆ qPqP t =  where P is a set of points transformed to tP  
A.5 Calculating the mean of multiple rigid body transforms 
In the technical report by Kavan et al. [199] an approximate formula for the 
blending of multiple rigid body transforms called the dual linear blend (DLB) is given.  
This formula can be used to calculate the mean of multiple rigid body transforms by 
simply setting all the weights 1w =i .  Kavan goes on to present an exact solution 
determined by an iterative algorithm however to calculate the mean of the small error 
transforms in Chapters 4 and 5 the approximate formula is sufficient.(Equation 14).   
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A.6 Calculating the error transform 
The image registration error transform, ieˆ  for an image registration i, is the 
transform between the measured, imˆ  and applied transform, iaˆ .  In chapters 4 and 5 
iaˆ is the randomly sampled transform that has been applied to either the FBCT reference 
scan or the localisation CBCT scan prior to image registration.  Calculation of ieˆ  is 
illustrated in Figure 44 and described by Equation 15.  Since the phantom or patient 
may not be physically perfectly aligned when scanned the average transform error is 
unlikely to be a zero or null transform.  The mean transform error is given by Equation 
16, substituting ieˆ  for iqˆ and setting all weights to zero.  The residual errors are then 
given by Equation 17. 
imˆ
iaˆ
ieˆ
1eˆ
2eˆ
3eˆ
4eˆ
eˆ
eˆ
ieˆ
ieˆδ
a)
b)
c)
 
Figure 44. Diagram to show a) calculation of image registration error from measured 
and applied transforms, b) calculation of mean error transform and c) 
calculation of residual image registration error. 
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A.7 Conversion between Synergy® transform parameters, ITK 
Versor parameters and Dual Quaternions 
To establish the correspondence between the 6 rigid body transform parameters as 
presented by the Synergy® system and those use by the ITK VersorRigid3DTransform 
class a set of 9 test transforms was devised (Table 19).  All transforms had the same 
lateral, vertical and longitudinal shifts of 7mm, 14mm and 20mm respectively.  The first 
three transforms had only a single rotation about each of the three cardinal axes 
respectively.  The second set of three had rotations of 15° and 10° about two of the axis.  
The final three had combinations of rotations about all three axes. 
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Table 19. Table of ITK VersorRigid3DTransform rigid body transform parameters used 
to establish correspondence between ITK and Synergy® parameters.  Translations 
t1-t3 are in units of mm while a Versor value (q1-q3) of 0.0872 is equivalent to 
10°.   
Reference Pitch Yaw Roll Lat Vert Long 
Transform q1 q2 q3 t1 t2 t3 
1a 0.0000 0.0000 0.0872 7 14 20 
1b 0.0872 0.0000 0.0000 7 14 20 
1c 0.0000 0.0872 0.0000 7 14 20 
1d 0.0218 0.0327 0.0436 7 14 20 
1e 0.0000 0.0872 0.1305 7 14 20 
1f 0.0872 0.1305 0.0000 7 14 20 
1g 0.0872 0.0000 0.1305 7 14 20 
1h 0.0653 0.0868 0.0436 7 14 20 
1j 0.0436 0.0653 0.0868 7 14 20 
In chapter 4 a reference CT image of the VHMP phantom was transformed using 
the ITK VersorRigid3DTransform class.  To determine correspondence between 
Synergy® and ITK versor parameters this reference image was also transformed by the 
test transforms 1a-1j.  Using the iGuide/Hexapod and CBCT image guidance the VHMP 
phantom was positioned such that image registration with the untransformed reference 
CT image indicated that the residual positioning error was less than 0.5 mm and 0.05°.  
Image registration with this CBCT localisation image was then performed with each of 
the transformed reference CT images 1a-1j. (Table 19 & Table 20) 
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Table 20. Results of image registration in Synergy® format of localisation CBCT image 
in the reference position against transformed reference CT datasets 1a-1j.   
 Translation (cm) Rotation (°) 
Reference X Y Z X Y Z 
Transform Lat Long Vert Pitch Roll Yaw 
1a 0.7 1.94 -1.32 0.2 10.2 0.5 
1b 0.68 1.96 -1.41 350.2 0.2 0.2 
1c 0.68 1.96 -1.45 0.2 0.2 10.3 
1d 0.68 2 -1.42 357.4 5.3 4.1 
1e 0.69 1.99 -1.41 1.5 15.1 10.7 
1f 0.69 1.93 -1.42 350.8 1.4 15.4 
1g 0.68 1.96 -1.4 349.7 15.2 359.1 
1h 0.69 1.98 -1.41 353.2 6 10 
1j 0.7 1.98 -1.4 355.4 10.5 7.5 
 
From the first three transforms the correspondence of the axis of rotation and the 
direction of the rotation is easily established (Table 21).  There is a factor of 10 required 
for the translations due to conversion between cm and mm.  It is also evident that the 
translation is independent of the rotation indicating that rotation is applied before 
translation  
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Table 21. Correspondence between Synergy® and ITK VersorRigid3DTransform 
parameters. 
  Synergy® Versor 
Lat Tx +t1 
Long  Ty +t3 Translation 
Vert Tz -t2 
Lat θx -q1 
Long θy +q3 Rotation 
Vert θz -q2 
 
The ITK VersorRigid3DTransform class can be interrogated to output the rotation 
matrix for each rotation.  From this we can confirm that the 3x3 matrices describing the 
rotations are given by Equation 18, Equation 19 & Equation 20.  By evaluating the 
results of image registrations with reference images 1d-1f where only two rotations are 
applied together the order of rotations can be deduced to give Equation 21. Residual 
errors are presented in Table 22. 
To convert from Synergy® rotation parameters back to versors the rotation matrix 
can be converted to quaternions using equations Equation 22 & Equation 23.  The 
versor is simply the vector component of the quaternion. Residual errors are presented 
in Table 23. 
Conversion from Synergy® to ITK VersorRigid3Dtransform of the translation 
component is simply given by Equation 24. 
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The reverse conversion from ITK versor to Synergy® transform parameters is 
given by Equation 25, Equation 26, Equation 27 & Equation 28. 
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Table 22. Residual errors between measured and applied transforms in versor notation 
when the reference CT image is transformed and the localisation CBCT is of the 
phantom in its reference position.  The last column shows the TRE50 (at a radius of 
50mm) for these residual errors. 
 
 Rotation (°) Translation (mm)  
Reference Pitch Yaw Roll Lat Vert Long TRE50 
Transform q1 q2 q3 t1 t2 t3 (mm) 
1a 0.002 -0.004 -0.002 0.11 0.89 0.50 1.06 
1b 0.002 -0.002 -0.002 0.22 -0.01 0.33 0.44 
1c 0.001 -0.003 -0.002 0.24 -0.42 0.32 0.63 
1d -0.002 -0.004 -0.002 0.31 -0.27 0.01 0.56 
1e 0.001 -0.003 -0.002 0.19 -0.04 0.02 0.35 
1f 0.006 -0.004 -0.002 0.18 0.06 0.48 0.73 
1g 0.000 -0.004 -0.002 0.29 0.02 0.35 0.55 
1h 0.002 -0.003 -0.004 0.11 0.01 0.12 0.41 
1j -0.002 -0.004 -0.002 0.09 -0.06 0.21 0.41 
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Table 23. Residual errors between measured and applied transforms in versor notation 
when the localisation CBCT image is transformed and the reference CT image is 
in the untransformed position.  The last column shows the TRE50 (at a diameter of 
50mm) for these residual errors. 
 
 Rotation (°) Translation (mm)  
Reference Pitch Yaw Roll Lat Vert Long TRE50 
Transform q1 q2 q3 t1 t2 t3 (mm) 
1a -0.002 -0.004 -0.002 0.40 -0.23 0.29 1.02 
1b -0.006 -0.003 -0.002 0.12 -0.09 -0.40 1.07 
1c -0.003 -0.005 -0.001 0.39 0.10 -0.04 0.96 
1d 0.002 -0.005 -0.001 0.26 -0.18 0.10 0.77 
1e -0.006 -0.002 -0.002 0.11 -0.12 0.18 0.87 
1f -0.005 -0.006 -0.001 0.40 0.04 -0.08 1.13 
1g -0.003 -0.004 0.000 0.36 0.01 -0.06 0.85 
1h 0.000 -0.002 -0.002 0.47 0.30 -0.05 0.86 
1j -0.005 -0.002 -0.002 0.11 0.00 -0.23 0.82 
 
In chapter 5, the transformation of the CT images and CT-CBCT image 
registrations are checked independently using the 27 external fiducial markers on the 
surface of the VHMP phantom.  The method of Arun et al was used to find a least 
squares solution to corresponding markers [200].   
Given two sets of points p1 and p2 in 3ℜ  the rotation matrix can be found by single 
value decomposition of the product p1.p2 as follows.   
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where the overscore represents the vector mean of the set of vectors representing 
the coordinates of the points, and is only defined if 1)det( =R . 
Table 24 shows the transforms measured using the 27 fiducial markers on the 
surface of the VHMP phantom.  The transforms were measured between the 
untransformed CT image and the CT images transformed using test transforms 1a-1j 
with the ITK VersorRigid3Dtransform class.  The transforms compare well with the 
applied transforms (Table 19). The residual errors of the transform and corresponding 
TRE50 are shown in (Table 25). The coordinates of each of the fiducial points were 
measured using the Synergy® XVI software and the uncertainty of the measurement was 
estimated to be approximately ±0.5mm in each of the X, Y and Z directions.  The last 
column of Table 25 gives the mean residual distance (MRD) between the 
untransformed sets of fiducials and the transformed fiducials having transformed back 
with the measured transform.  The MRD indicates the combined uncertainty of 
localising each of the fiducials in the two image sets.  The average MRD is 1.1 mm 
which is equivalent to a standard deviation of 0.5mm on the localisation of each 
fiducial. 
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Table 24. Transforms in VersorRigid3Dtransform format measured using the 27 
fiducial markers on CT reference images of the VHMP phantom transformed 
using test transforms 1a-1j. 
 Rotation (°) Translation (mm) 
Reference Pitch Yaw Roll Lat Vert Long 
Transform q1 q2 q3 t1 t2 t3 
1a -0.0008 -0.0004 0.0881 7.00 14.19 19.86 
1b 0.0874 -0.0003 0.0002 7.36 13.98 19.88 
1c 0.0005 0.0859 -0.0001 7.17 14.00 19.85 
1e -0.0001 0.0865 0.1307 7.02 13.96 19.72 
1f 0.0867 0.1300 0.0007 7.04 13.91 19.86 
1g 0.0866 -0.0007 0.1307 7.17 14.07 20.02 
1d 0.0209 0.0312 0.0433 7.62 13.88 20.06 
 
Table 25. Residual errors between the transforms measured using the 27 fiducial 
markers on the VHMP phantom and those used to transform the CT images with 
test transforms 1a-1j.  The last column shows the mean residual distance between 
the points when transformed with the test transform and the same points 
transformed with the measured transform. 
 
 Rotation (°) Translation (mm) TRE50 MRD 
Reference Pitch Yaw Roll Lat Vert Long (mm) (mm) 
Transform q1 q2 q3 t1 t2 t3   
1a 0.0008 0.0003 -0.0010 -0.04 -0.18 0.14 0.25 0.97 
1b -0.0002 0.0003 -0.0002 -0.36 0.04 0.12 0.39 1.17 
1c -0.0005 0.0013 0.0000 -0.20 0.00 0.12 0.25 0.96 
1e 0.0002 0.0007 -0.0001 -0.05 0.05 0.27 0.29 1.06 
1f 0.0005 0.0004 -0.0006 -0.07 0.11 0.11 0.18 1.20 
1g 0.0007 0.0006 -0.0002 -0.18 -0.03 -0.01 0.19 1.12 
1d 0.0009 0.0015 0.0003 -0.60 0.17 -0.11 0.64 1.36 
Appendix B  
Metrics for evaluation of similarity measure rigid 
body parameter space 
B.1 Metrics for evaluation of similarity measure profiles 
In the papers by Skerl et al. [146,171] several metrics for evaluation of cost 
functions (similarity metrics) are defined.  These definitions have been slightly modified 
and are presented here to aid interpretation of this thesis.   
Let the transform parameters for a registration between two images be X0 (q1, q2, 
q3, t1, t2, t3) in versor notation.  The similarity metric at this position is SM0(X0).  A 
profile, n, where n = 1,2,…N and N = 6, along a cardinal axis is measured at M+1 
points, between –M/2 and M/2 with spacing xδ which, in this work is set to different 
values for the translation and rotation axis.  The similarity measure for profile n, is 
given by ( )mnXSM ,0  m = -M/2,-M/2+ xδ ,…,M/2- xδ , M/2.  This is normalised to the 
interval [0,1] 
( ) ( )
min0max0
min0,0
, SMSM
SMXSM
XSM mnmn
−
−
=  Equation 30 
Where min0SM and max,0SM  are the minimum and maximum values of ( )mnXSM ,0  
over all NM+1 positions.  Let optnX ,  be the position of the global optima for profile n. 
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B.1.1 Accuracy (ACC) 
As defined by Skerl et al. ACC is the root mean square of distances between the 
origin and global optima for each profile (Equation 31.) 
∑
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N
n
optn XXN
ACC
1
2
0,
1
 
Where, N is the number of profiles,  
( ) ( )( )∑
=
−=−
6
1p
0opt,n0opt,n pXpXXX  
Equation 31 
and p =1,2,…,N represents the parameter of the rigid body rotation. 
In Chapter 8, profiles are only calculated along the six primary and orthogonal axis 
of the parameter space.  Without any diagonal profiles, as in the work of Skerl et al., it 
was not necessary to normalise the parameter space so that increments of rotation had 
equal effect to increments of translation.  Since the parameter space was not normalised 
it was logical to split the measure of accuracy into separate definitions for translational 
accuracy (ACC_T) and rotational accuracy (ACC_R).  This led to the definitions of 
ACC_T and ACC_R in Equation 32 and Equation 33. 
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B.1.2 Risk of non-convergence (RON) 
The risk of non convergence (RON) of the optimum is a metric that describes the 
shape of the SM in the locality of the global minimum.  Risk of non-convergence is 
defined by Skerl et al, for a particular profile, as the average of all positive gradients of 
the normalised SM out to a distance r, from the position of the minimum.  These values 
are then averaged over all profiles sampled.  A low value of RON indicates a broad 
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minima with shallower gradients whereas a narrow minima with steep gradients has a 
high value of RON.  To calculate RON, first the positive gradients are calculated 
(Equation 34).   
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where n = 1,2,…N the number of profiles, m is an index to the 
calculation point along the profile an opt is the index to the position 
along the profile at which the minimum value is found. 
Equation 34 
RON is then given by  
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In chapter 8, RON was split into two components: RON_T was defined as the 
mean risk of non convergence for profiles along the translation axis and RON_R was 
the mean risk of non convergence for profiles along the rotation axis.  In this case we 
redefine RON as function of n in Equation 36 and calculate the individual RON_T and 
RON_R components using Equation 37 and Equation 38. 
∑
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B.1.3 Distinctiveness of optimum (DO) 
As the name suggests DO describes the distinctiveness of the optimum.  For a 
particular profile it is the average difference in normalised SM between points 
equidistant from the global optimum at a distance r from the minimum divided by the 
distance.  These values are then averaged for all profiles.  It was defined by Skerl et al, 
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by Equation 39 for a profile n, at a distance r from the origin X0 where xsr δ.=  and s = 
1,2,….. 
( ) ( ) ( ){ }∑
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rN2
1)r(DO  Equation 39 
In the work of Skerl et t al., DO was summed over all n and the position, r, at 
which DO was calculated was not defined.  As with accuracy, DO was split into 
translation and rotation components in chapter 8.  DO was redefined as a function of n 
(Equation 40) before summing over either the translation parameters (Equation 41) or 
the rotation parameters (Equation 42).  The position, r was set to 1mm or 0.5°. 
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B.2 Metrics for evaluation of sub-sampled (25 point) similarity metric 
profiles 
A set of nine metrics were devised for analysis of the 25 values of the similarity 
metric calculated at X0 ±1mm and ±2mm from X0 along each of the three translation 
axis and also at ±0.5° and ±1° along the rotation axis, where X0 is the position returned 
by the image registration algorithm.  IsMin25, ∆Xmin,25, SM25(Xmin,25), ∆Xfit,25 & 
SM25(X0) are adequately described in chapter 8.  The others warrant further description. 
B.2.1 Distinctiveness of Optimum DO25(1), DO25(2) & DO25(Av) 
This is defined very similarly to the DO defined by Skerl et al but with fewer 
points.  DO25(1) is the absolute gradient between the similarity metric at the 12 inner 
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points, located at ±1mm and ±0.5° along the three translation and three rotation axis 
relative to X0, and similarity metric at X0.   
( ) ( ) 12XSMXSM)1(DO
ptsinner
inner025 ∑−=  Equation 43 
DO25(2) is the absolute gradient between the similarity metric at the 12 outer 
points, located at ±2mm and ±1° along the three translation and three rotation axis 
relative to X0, and similarity metric at X0 
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DO25(Av) is the mean of , was the average of DO25(1) and DO25(2). 
B.2.2 Minimum Value, ∆Xmin,25 
∆Xmin,25, was the position of the lowest of the 25 similarity metric samples relative 
to X0.  ∆Xmin,25 takes values of 0, 1 & 2 if the minimum was located at X0, at one of the 
inner points or at one of the outer points respectively.   
B.3 Quadratic fit to calculate ∆X25,fit and SM25(X25,fit) 
The position of the global minimum can be estimated by performing a quadratic 
curve fit to the 25 points.  This was performed using least squares regression as follows. 
Let 2525 .)( XXBXSM =  where SM is the similarity metric calculated at the 25 
points X25 and XX25 is the design matrix.  In this work XX25 is defined as follows. 
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The coefficients B can be found using Equation 45 
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( ) ( )25252525 XSMXXXXXXB ⋅′⋅′⋅′=  Equation 45 
To determine the position of the global minimum we need to differentiate 
2525 .)( XXBXSM = with respect to each parameter (Equation 46). 
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SM25(X25,fit) is simply the similarity metric calculated at X25,fit. 
Examples of the quadratic regression model are shown in Figure 45.The 
regression works well in most cases. 
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Figure 45. Examples of the quadratic fit to the similarity metric profiles.  The Solid 
dark blue line shows the measured SM while a red cross indicates one of the 
25 sampled points. The dotted light blue line shows the results of the 
quadratic curve fit. 
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